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Dennis G. Hall

1.1
Introduction and Historical Background

Structurally, boronic acids are trivalent boron-containing organic compounds that
possess one carbon-based substituent (i.e., a C—B bond) and two hydroxyl groups to
fill the remaining valences on the boron atom (Figure 1.1). With only six valence
electrons and a consequent deficiency of two electrons, the sp*hybridized boron
atom possesses a vacant p-orbital. This low-energy orbital is orthogonal to the
three substituents, which are oriented in a trigonal planar geometry. Unlike carbox-
ylic acids, their carbon analogues, boronic acids, are not found in nature. These
abiotic compounds are derived synthetically from primary sources of boron such as
boric acid, which is made by the acidification of borax with carbon dioxide. Borate
esters, one of the key precursors of boronic acid derivatives, are made by simple
dehydration of boric acid with alcohols. The first preparation and isolation of a
boronic acid was reported by Frankland in 1860 [1]. By treating diethylzinc with
triethylborate, the highly air-sensitive triethylborane was obtained, and its slow
oxidation in ambient air eventually provided ethylboronic acid. Boronic acids are
the products of a twofold oxidation of boranes. Their stability to atmospheric
oxidation is considerably superior to that of borinic acids, which result from the
first oxidation of boranes. The product of a third oxidation of boranes, boric acid, is a
very stable and relatively benign compound to humans (Section 1.2.2.3).

Their unique properties and reactivity as mild organic Lewis acids, coupled with
their stability and ease of handling, are what make boronic acids a particularly
attractive class of synthetic intermediates. Moreover, because of their low toxicity and
their ultimate degradation into boric acid, boronic acids can be regarded as “green”
(environment-friendly) compounds. They are solids, and tend to exist as mixtures of
oligomeric anhydrides, in particular the cyclic six-membered boroxines (Figure 1.1).
For this reason and other considerations outlined later in this chapter, the
corresponding boronic esters are often preferred as synthetic intermediates.
Although other classes of organoboron compounds have found tremendous utility
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Figure 1.1 Oxygen-containing organoboron compounds.

in organic synthesis, this book focuses on the most recent applications of the
convenient boronic acid derivatives. For a comprehensive description of the properties
and reactivity of other classes of organoboron compounds, interested readers may refer
to a selection of excellent monographs and reviews by Brown [2], Matteson [3], and
others [4-8]. In the past two decades, the status of boronic acids in chemistry has gone
from that of peculiar and rather neglected compounds to that of a prime class of
synthetic intermediates in their own right. The attribution of the 2010 Chemistry Nobel
Prize for palladium-catalyzed cross-coupling reactions to Professor Akira Suzuki and
other pioneers recognized the great importance of boronic acids in this revolutionary
class of C—C bond forming processes. In the past 5 years, impressive advances have
been made in the use of boronic acids in molecular recognition, materials science,
and catalysis. The approval of the anticancer agent Velcade®, the first boronic acid-
containing drug to be commercialized (Section 1.6.5), further confirms the growing
status of boronic acids as an important class of compounds in chemistry and medicine.
This chapter describes the structural and physicochemical properties of boronic acids
and their many derivatives, as well as modern methods for their preparation. A brief
overview of their synthetic and biological applications is presented, with an emphasis
on topics that are not covered in other chapters of this book.

1.2
Structure and Properties of Boronic Acid Derivatives

1.2.1
General Types and Nomenclature of Boronic Acid Derivatives

The reactivity and properties of boronic acids highly depend upon the nature
of their single variable substituent, more specifically, on the type of carbon group
(R, Figure 1.1) directly bonded to boron. In the same customary way employed for
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other functional groups, it is convenient to classify boronic acids into subtypes such
as alkyl-, alkenyl-, alkynyl-, and arylboronic acids.

When treated as an independent substituent, the prefix borono is employed
to name the boronyl group (e.g., 3-boronoacrolein). For cyclic derivatives
such as boronic esters, the [UPAC RB-1-1 rules for small heterocycles (i.e., the
Hantzsch-Widman system) are employed along with the prefix “boro.” Thus,
saturated five- and six-membered cyclic boronic esters are, respectively, named as
dioxaborolanes and dioxaborinanes. For example, the formal name of the pinacol
ester of phenylboronic acid is 2-phenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane.
The corresponding nitrogen analogues are called diazaborolidines and diazabor-
inanes, and the mixed nitrogen—oxygen heterocycles are denoted by the prefix oxaza.
Unsaturated heterocycles wherein the R group and the boron atom are part of the
same ring are named as boroles.

1.2.2
Boronic Acids

1.2.2.1 Structure and Bonding

The X-ray crystal structure of phenylboronic acid (1, Figure 1.2) was reported in 1977
by Rettig and Trotter [9]. The crystals are orthorhombic, and each asymmetric unit
was found to consist of two distinct molecules, bound together through a pair of
O—H-0 hydrogen bonds (Figure 1.3a and b). The CBO, plane is quite coplanar with
the benzene ring, with a respective twist around the C—B bond of 6.6° and 21.4° for
the two independent molecules of PhB(OH),. Each dimeric ensemble is also linked
with hydrogen bonds to four other similar units to give an infinite array of layers

/OH NO, — /OH
OH HO.C B N OH

\
1X=H OH 4X=Br
2 X = OMe 3 5X=Cl
o) OH
/
OH PhaCOCH,B, B
c B % Y
OH
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Figure 1.2 Boronic acid derivatives analyzed by X-ray crystallography.
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Figure 1.3 Representations of the X-ray (b) Structure of the dimeric unit showing
crystallographic structure of phenylboronic hydrogen bonds. (c) Structure of the extended
acid. (a) ORTEP view of a dimeric unit. hydrogen-bonded network.

(Figure 1.3c). The X-ray crystallographic analysis of other arylboronic acids like
p-methoxyphenyl boronic acid (2) [10] and 4-carboxy-2-nitrophenylboronic acid
(3, Figure 1.2) [11] is consistent with this pattern. The structures of heterocyclic
boronic acids such as 2-bromo- and 2-chloro 5-pyridylboronic acids (4 and 5) were
reported [12]. Although the boronate group has a trigonal geometry and is fairly
coplanar with the benzene ring in structures 1, 2, 4, and 5, it is almost perpendicular
to the ring in structure 3. This observation is likely due to a combination of two
factors: minimization of steric strain with the ortho-nitro group, and because of a
possible interaction between one oxygen of the nitro group and the trigonal boron
atom. Based on the structural behavior of phenylboronic acid and its propensity
to form hydrogen-bonded dimers, diamond-like porous solids were designed
and prepared by the crystallization of tetrahedral-shaped tetraboronic acid 6
(Figure 1.2) [13]. With a range of approximately 1.55-1.59 A, the C—B bond of
boronic acids and esters is slightly longer than typical C—C single bonds (Table 1.1).
The average C—B bond energy is also slightly smaller than that of C—C bonds (323
versus 358 kJ/mol) [14]. Consistent with strong B—O bonds, the B—O distances of
tricoordinate boronic acids such as phenylboronic acid are fairly short, and lie in the
range of 1.35-1.38 A (Table 1.1). These values are slightly larger than those observed in
boronic esters. For example, the B—O bond distances observed in the X-ray crystal-
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Table 1.1  Bond distances from X-ray crystallographic data for selected boronic acid derivatives
(Figure 1.2).

Compound B—C (A) B-O' (A) B—O? (A) B—X (A Reference
1 1.568 1.378 1.362 [9]
2 1.556 [10]
3 1.588 1.365 1.346 11]
4 1.573 1.363 1.357 [12]
5 1.573 1.362 1.352 [12]
7 1.560 1.316 1314 [15]
8 1.494 1.408 1.372 [16]
9 1.613 1.474 1.460 1.666 [18]
10 1.613 1.438 1.431 1.641 [22]
11 1.631 1.492 1.487 1.471 23]

lographic structures of the trityloxymethyl pinacolate boronic esters (e.g., 7 in
Figure 1.2) are in the range of 1.31-1.35 A (Table 1.1), and the dioxaborolane unit
of these derivatives is nearly planar [15]. The X-ray crystallographic structure of cyclic
hemiester 8 (Figure 1.2) was described [16]. Like phenylboronic acid, this benzox-
aborole also crystallizes as a hydrogen-bonded dimer, however without the extended
network due to the absence of a second hydroxyl group. The cyclic nature of this
derivative induces a slight deviation from planarity for the tricoordinate boronate unit,
as well as a distortion of the bond angles. The endocyclic B—O bond in 8 is slightly
longer than the B—OH bond. This observation was attributed to the geometrical
constraints of the ring, which prevents effective lone pair conjugation between the
endocyclic oxygen and the vacant orbital of boron. The unique properties and reactivity
of benzoxaboroles along with their preparation were recently reviewed [17].

In order to complete boron’s octet, boronic acids and their esters may also
coordinate basic molecules and exist as stable tetracoordinated adducts. For example,
the X-ray crystallographic structure of the diethanolamine adduct of phenylboronic
acid (9, Figure 1.2) [18] confirmed the transannular B—N bridge long suspected from
other spectroscopic evidence such as NMR [19, 20]. This dative B—N bond has a
length of 1.67 A (Table 1.1), and it induces a strong N° ™ —B°~ dipole that points away
from the plane of the aryl ring. This effect was elegantly exploited in the design of a
diboronate receptor for paraquat [21]. Chelated boronic ester 10 presents character-
istics similar to that of 9 [22]. Trihydroxyborate salts of boronic acids are discrete,
isolable derivatives that had not been characterized until recently [23]. The sodium
salt of p-methoxyphenyl boronic acid (11) was recrystallized in water and its X-ray
structural elucidation showed the borate unit in the expected hydrogen bonding
network accompanied with the sodium cation coordinated with six molecules of
water. In principle, the boron atom in tetrahedral complexes can be stereogenic if it
is bonded to four different ligands. Hutton and coworkers recently reported the first
example of one such optically pure complex stereogenic at boron only [24]. Stable
complex 12 (Figure 1.4) was made through a chirality transfer process described in
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Figure 1.4 B-Chiral tetrahedral boronate 12 and model compounds for boron hypercoordination.

Section 1.2.3.6. When tetracoordinated such as in structures 9-11 [23] (Figure 1.2),
the B—O bond length of boronic acids and esters increases to about 1.43-1.48 A,
which is as much as 0.10 A longer than the corresponding tricoordinate analogues
(Table 1.1). These markedly longer B—O bonds are comparable to normal C—O
ether bonds (~1.43A). These comparisons further emphasize the considerable
strength of B—O bonds in trigonal boronic acid derivatives. Not surprisingly, trigonal
B—O bonds are much stronger than the average C—O bonds of ethers (519 versus
384 kJ/mol) [14]. This bond strength is believed to originate from the conjugation
between the lone pairs on the oxygens and boron’s vacant orbital, which confers
partial double bond character to the B—O linkage. In fact, it was estimated that
formation of tetrahedral adducts (e.g., with NH3) may result in a loss of as much as
50 kJ/mol of B—O bond energy compared to the tricoordinate boronate [25].

In rare instances where geometrical factors allow it, boronic acid derivatives may
become hypervalent. For example, the catechol ester 13 (Figure 1.4) was found by
X-ray crystallographic analysis to be pentacoordinated in a highly symmetrical
fashion as a result of the rigidly held ether groups, which are perfectly positioned
to each donate lone pair electrons to both lobes of the vacant p-orbital of boron [26].
The boronyl group of this two electron-three atom center is planar, in a sp’
hybridization state, and the resulting structure possesses a slightly distorted trigonal
bipyramidal geometry. According to DFT calculations, the bonding is weak and ionic
in nature [26Db]. The corresponding diamine 14, however, behaved quite differently
and demonstrated coordination with only one of the two NMe, groups [27].

Due to electronegativity differences (B = 2.05, C =2.55) and notwithstanding the
electronic deficiency of boron, which is compensated by the two electron-donating
oxygen atoms (see above), the inductive effect of a boronate group should be that of a
weak electron donor. The *C NMR alpha effect of a boronate group is in fact very
small [28]. On the other hand, the deficient valency of boron and its size relatively
similar to that of carbon have long raised the intriguing question of possible pi-
bonding between carbon and boron in aryl- and alkenylboronic acids and esters [29].
NMR data and other evidence, such as UV and photoelectron spectroscopy and
LCAO-MO calculations, suggest that B—C pi-conjugation occurs to a moderate extent
in alkenylboranes [30-32], and is even smaller in the case of the considerably less
acidic boronate derivatives. A thorough comparative study of 1*C NMR shift effects,
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Figure 1.5 Limit mesomeric forms involving B—C pi-overlap.

in particular the deshielding of the beta-carbon, concluded to a certain degree of
mesomeric pi-bonding in the case of boranes and catechol boronates [28]. For
example, compared to analogous aliphatic boronates, the beta-carbons of a dialkyl
alkenylboronate and the corresponding catechol ester are deshielded by 8.6 and 18.1
ppm, respectively. In all cases, the beta-carbon is more affected by the boronate
substituent than the alpha-carbon, which is consistent with some contribution from
the B—C pi-bonded form B to give resonance hybrid C (Figure 1.5). X-ray crystal-
lography may also provide insights into the extent of B—C pi-bonding. The difference
in B—C bond distances for arylboronic acids (Table 1.1) is significant enough to
suggest a small degree of B—C pi-bonding. The B—C bond distance (1.588 A) in the
electron-poor boronic acid 3, which is incapable of pi-conjugation because it has its
vacant p-orbital placed orthogonally to the pi-system of the phenyl ring, is expectedly
longer than that of phenylboronic acid (1.568 A). Interestingly, the B—C bond of 2
stands at 1.556 A, suggesting only a minimal contribution from the mesomeric form
E (Figure 1.5). On the other hand, the B—C bond distance of 1.613A in the
diethanolamine adduct 9 (Table 1.1), where the boron vacant orbital is also incapac-
itated from B—C pi-bonding, is 0.045 A longer than that of free phenylboronic acid
(1). In so far as bond length data correlate with the degree of pi-bonding [33], this
comparison is consistent with a small B—C pi-bonding effect in arylboronic acids and
esters (i.e., hybrid form F in Figure 1.5). This view is further supported by chemical
properties such as substituent effects on the acidity of arylboronic acids (see
Section 1.3.8.3) and ' B chemical shifts correlations [34]. Likewise, B—C pi-bonding
is also present in alkenylboronic acids and esters, but this effect must be weak in
comparison to the electron-withdrawing effect of a carbonyl or a carboxyl group. For
instance, alkenylboronic esters do not readily act as Michael acceptors with organ-
ometallic reagents in the same way as the unsaturated carbonyl compounds do [35].
On the other hand, the formal electron-withdrawing behavior of the boronate group
manifests itself in cycloadditions of dibutylethylene boronate with ethyldiazoace-
tate [36] and in Diels—Alder reactions where it provides cycloadducts with dienes like
cyclopentadiene [37] and cyclohexadiene, albeit only at elevated temperatures (about
130 and 200 °C, respectively) [38, 39]. The higher reactivity of ethylene boronates as
dienophiles compared to ethylene has been rationalized by MO calculations [29], but
their reactivity stands far from that of acrylates in the same cycloadditions. In fact,
more recent high-level calculations suggest that the reactivity of alkenylboronates

7
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may be mainly due to a three-atom—two-electron center stabilization of the transition
state rather than a true LUMO-lowering electron-withdrawing mesomeric effect
from the boronate substituent [40]. Another evidence for the rather weak electron-
withdrawing character of boronic esters comes from their modest stabilizing effect
on boronyl-substituted carbanions, where their effect has been compared to that of a
phenyl group (see Section 1.3.8.3).

1.2.2.2 Physical Properties and Handling

Most boronic acids exist as white crystalline solids that can be handled in air without
special precautions. At the ambient temperature, boronic acids are chemically
stable and most display shelf stability for long periods of time (Section 1.2.2.5).
Alkyl-substituted and some heteroaromatic boronic acids, however, were shown to
have a limited shelf stability under aerobic conditions [41]. Boronic acids normally
do not tend to disproportionate into their corresponding borinic acid and boric acid
even at high temperatures. To minimize atmospheric oxidation and autoxidation,
however, they should be stored under an inert atmosphere. When dehydrated,
either with a water-trapping agent or through coevaporation or high vacuum,
boronic acids form cyclic and linear oligomeric anhydrides such as the trimeric
boroxines already mentioned (Figure 1.1). Fortunately, this behavior is usually
inconsequential when boronic acids are employed as synthetic intermediates.
Many of their most useful reactions (Section 1.5), including the Suzuki-Miyaura
cross-coupling, proceed regardless of the hydrated state (i.e., free boronic acid or
anhydride). Anhydride formation, however, may complicate analysis, quantitation,
and characterization efforts (Section 1.4.3). Furthermore, upon exposure to air, dry
samples of boronic acids may be prone to decompose rapidly, and it has been
proposed that boronic anhydrides may be initiators of the autoxidation process [42].
For this reason, it is often better to store boronic acids in a slightly moist state.
Presumably, coordination of water or hydroxide ions to boron protects boronic
acids from the action of oxygen [42, 43]. Incidentally, commercial samples tend to
contain a small percentage of water that may help in their long-term preservation.
Due to their facile dehydration, boronic acids tend to provide somewhat unreliable
values of melting points (Section 1.4.3.1). This inconvenience and the other above-
mentioned problems associated with anhydride formation explain in large part the
popularity of boronic esters and other derivatives as surrogates of boronic acids
(Section 1.2.3.2).

The Lewis acidity of boron in boronic acids and the hydrogen bond donor capability
of their hydroxyl groups combine to lend a polar character to most of these
compounds. Although the polarity of the boronic acid head can be mitigated by a
relatively hydrophobic tail as the boron substituent, most small boronic acids are
amphiphilic. Phenylboronic acid, for instance, was found to have a benzene-water
partition ratio of 6 [44]. The partial solubility of boronic acids in both neutral water
and polar organic solvents often complicates isolation and purification efforts
(Section 1.4). Evidently, boronic acids are more water soluble in their ionized form
in high-pH aqueous solutions and can be extracted more readily into organic solvents
from aqueous solutions of low pH (see Section 1.2.2.4).
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1.2.2.3 Safety Considerations

As evidenced by their application in medicine (Chapter 13), most boronic acids present
no particular toxicity compared to other organic compounds [45]. Small water-soluble
boronic acids demonstrate low toxicity levels, and are excreted largely unchanged by
the kidney [46]. Larger fat-soluble boronic acids were found to be moderately toxic [46—
48]. At high doses, boronic acids may interact promiscuously with nucleophilic
enzymes and complex weakly to biological diols (Section 1.2.3.2.3). Boronic acids
presentno particular environmental threat, and the ultimate fate of all boronic acids in
air and aqueous media is their slow oxidation into boric acid. The latter is a relatively
innocuous compound, and may be toxic only under high daily doses [49]. A single acute
ingestion of boric acid does not even pose a threatening poisoning effect to humans[50]
unless it is accompanied by other health malfunctions such as dehydration [51].

1.2.2.4 Acidic Character

By virtue of their deficient valence, boronic acids possess a vacant p-orbital. This
characteristic confers them unique properties as a mild class of organic Lewis acids
capable of coordinating basic molecules. When doing so, the resulting tetrahedral
adducts acquire a carbon-like configuration. Thus, despite the presence of two
hydroxyl groups, the acidic character of most boronic acids is not that of a Brensted
acid (i.e., oxyacid) (Equation 1.1, Figure 1.6) but usually that of a Lewis acid (Equation
1.2). When coordinated with an anionic ligand, the resulting negative charge is
formally drawn on the boron atom, but itis in fact spread out on the three heteroatoms.

1.2.2.4.1 Complexation Equilibrium in Water and Structure of the Boronate Anion
Boronic acids are more soluble in aqueous solutions of high pH (>8). Although the
acidic character of boronic acids in water had been known for several decades, it is
only in 1959 that the structure of the boronate ion, the conjugate base, was elucidated.
In their classical paper on polyol complexes of boronic acids [52], Lorand and Edwards
demonstrated that the trivalent neutral form, likely hydrated, is in equilibrium
with the anionic tetrahedral species (Equation 1.2, Figure 1.6) and not with the
structurally related Brensted base (i.e., the trivalent ion shown in Equation 1.1).
The first X-ray crystallographic structure of a trihydroxyboronate salt has been
reported recently (11 in Figure 1.2) [23]. It is this ability to ionize water and form
hydronium ions by “indirect” proton transfer that characterizes the acidity of most
boronic acids in water. Hence, the most acidic boronic acids possess the most

PH s

R-B  + M0 —<—== R-B | hor (1.1)
OH OH
OH _ PH

R-B + 2H0 =—— R-B-OH | o (1.2)
OH OH

Figure 1.6 lonization equilibrium of boronic acids in water.
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Table 1.2 lonization constant (pKj) for selected boronic acids.

Boronic acid, RB(OH), pKa Reference
Boric acid, B(OH); 9.0 [58]
Methyl 10.4 58]
Phenyl 8.9 [59]
3,5-Dichlorophenyl 7.4 [59]
3,5-Bis(trifluoromethyl)phenyl 7.2 [59]
2-Methoxyphenyl 9.0 [57]
3-Methoxyphenyl 8.7 [59]
4-Methoxyphenyl 9.3 [60]
4-Carboxyphenyl 8.4 [56]
2-Nitrophenyl 9.2 [61]
4-Nitrophenyl 7.1 [60]
4-Bromophenyl 8.6 [59]
4-Fluorophenyl 9.1 [59]
2-Methylphenyl 9.7 [62]
3-Methylphenyl 9.0 [62]
4-Methylphenyl 9.3 [62]
3,5-Dimethylphenyl 9.1 [59]
3-Methoxycarbonyl-5-nitrophenyl 6.9 [63]
2-Fluoro-5-nitrophenyl 6.0 [57]
3-Pyridyl (15) 4.0, 8.2 [64]
3-Benzyl-3-pyridylium 4.2 [57]
8-Quinolinyl 4.0, 10 [65]
2-(R'R*NCH,)phenyl (e.g., 16) 5.2-5.8 [66]

electrophilic boron atom that can best form and stabilize a hydroxyboronate anion.
The acidity of boronic acids in water has been measured using electrochemical
methods as early as the 1930s [53-55]. Values of pK, are now measured more
conveniently by UV spectrophotometry [56] and ''B NMR spectroscopy. Phenyl-
boronic acid, with a pK, value of 8.9 in water, has an acidity comparable to a phenol
(Table 1.2). It is slightly more acidic than boric acid (pK, 9.2). With the pK, values as
shown in Table 1.2, the relative order of acidity for the different types of boronic acids
is aryl > alkyl. More values can be found elsewhere [57]. For para-monosubstituted
aromatic boronic acids, the relationship between the pK, and the electronic nature of
the substituent can be described with a Hammet plot [57]. Bulky substituents
proximal to the boronyl group can decrease the acid strength due to
steric inhibition in the formation of the tetrahedral boronate ion. For example,
ortho-tolylboronic acid is slightly less acidic than its para-isomer (pK, 9.7 versus 9.3,
Table 1.2) [62]. This difference was explained in terms of F-strain in the resulting ion
(Equation 1.3, Figure 1.7) [67]. As expected, the presence of electron-withdrawing
substituents in the aryl group of arylboronic acids increases the acid strength by a
fairly significant measure [53, 55, 60, 68]. For example, the highly electron-poor
3-methoxycarbonyl-5-nitrophenyl boronic acid was attributed a pK, value of 6.9 [63].
Exceptionally, ortho-nitrobenzeneboronic acid [61] is much less acidic than its para-
isomer [60] (pK, 9.2 versus 7.1, Table 1.2) presumably due to internal coordination of
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Figure 1.7 lonization equilibrium of special boronic acids.

one of the nitro oxygens that prevents the complexation of a hydroxyl anion [55].
Perhaps one of the most acidic of all known boronic acids, with a pK, of approximately
4.0, 3-pyridylboronic acid (15) exists mainly as a zwitterion in water (Equation 1.4,
Figure 1.7) [64]. Similarly, arylboronic acids of type 16 (Equation 1.5), which benefit
from anchimeric participation of the ortho-dialkylaminomethyl group, display a
relatively low value of pK, of about 5.2 [66]. In this case, the actual first pK, is that
of ammonium ion deprotonation and formation of the putative tetrahedral B—N ate
adduct 16. The latter form was shown to exist in organic solvents, but in water and
other hydroxylic solvents, complex 17 forms through a water-insertion mecha-
nism [69]. The application of boronic acids of type 16 in the aqueous recognition

1
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of saccharides is briefly discussed in Chapter 13. Fluoride ions also form strong
dative bonds with boron, and it has been noted long ago that boronic acids dissolved
in aqueous solutions of hydrofluoric acid are very difficult to extract into organic
solvents unless the fluoride is precipitated out [70].

Boronic acids display Brensted acidity (cf. Equation 1.1, Figure 1.6) only in
exceptional cases where the formation of a tetrahedral boronate adduct is highly
unfavorable. For example, coordination of hydroxide ion to boron in heterocyclic
boronic acid derivative 18, to form 19B, would break the partial aromatic character of
the central ring (Equation 1.6, Figure 1.7). Indeed, based on !B NMR and UV
spectroscopic evidence, it was suggested that 18 acts as a Brensted acid in water and
forms conjugate base 19A through direct proton transfer [71]. A small number of other
boronic acids are suspected of behaving as Brensted acids due to the same reasons [72].

1.2.2.4.2 Bimolecular Lewis Acid—Base Complexation under Nonaqueous Conditions
As evidenced by the high pH required in the formation of boronate anions, boronic
acids and most dialkyl esters are weak Lewis acids. This behavior is in sharp contrast
with trialkylboranes, which form strong adducts with phosphines, amines, and other
Lewis bases [73]. Apart from the formation of boronate anions, discussed in the
previous section, very few examples of stable intermolecular acid-base adducts of
boronic acids (esters) exist. It has been known for a long time that aliphatic amines
and pyridine can form complexes in a 1:3 amine:boronic acid stoichiometry [74].
Combustion analyses of these air-stable solids suggested that two molecules of water
are lost in the process, which led the authors to propose structure 20 (Equation 1.7,
Figure 1.8). Much later, Snyder et al. used IR spectroscopy to demonstrate that these
1: 3 complexes rather involved the fully dehydrated boroxine (21) [75]. Boronic esters are
generally weak Lewis acids but catechol boronates are quite acidic, and provided that
cooperative effects are exploited, bimolecular complexes with fluoride anions and amines
have been reported [76-78]. The B—F bond strength is a key factor in these complexes as
other halide salts do not form similar adducts. As suggested by 'H NMR spectroscopic
studies, an ortho-phenyldiboronic ester (22) showed cooperative binding of two amine
molecules in putative complex 24 (Equation 1.8, Figure 1.8) [79]. Other diboronate
receptors were found to bind to diamines selectively using the two boron centers for B—N
coordination [80-82]. Catechol esters and other cyclic five-membered boronic esters with
sp® centers are more acidic as complexation to form a tetrahedral boron atom relieves
strain. The concept of strain has recently been exploited in the design of a receptor with
photoswitchable Lewis acidity [83]. Pyridine complexation studies by 'H NMR spec-
troscopy showed that bisthiophene boronate receptor 25 is more acidic in its closed cross-
conjugated form 26 compared to the less strained, open form 25 (Equation 1.9).

1.2.2.5 Chemical Stability

1.2.2.5.1 Ligand Exchange and Disproportionation Several favorable factors contrib-
ute to the stability of boronic acids and their esters. Substitution of the carbon-
containing group of boronic acids with other substituents is a slow process, and B—C/
B—O bond metatheses to give the corresponding disproportionation products
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Figure 1.8 Bimolecular Lewis acid—base complexes with boronic esters.

(trialkylborane, borinic acid, or boric acid) are thermodynamically unfavorable [25]. This
redox disproportionation is rather used to transform borinic esters into boronic
esters [84]. Similarly, thermodynamic considerations make the exchange of
the hydroxyl substituents of boronic acids with other ligands quite unfavorable. Substi-
tution with most alcohols or diols to form boronic esters usually requires dehydration
techniques in order to drive the reaction forward (Section 1.2.3.2.1). In general, from the
B—Xbond energy values of all possible boronic acid derivatives (RBX,), it can be said that
free boronic acids remain unchanged when dissolved in solutions containing other
potential anionic ligands [24]. The only type of B—X bond stronger than a B—O bond is
the B—F bond. Chemical methods to accomplish this type of exchange and other B—O
bond derivatizations are described in Sections 1.2.3.7 and 1.2.3.8.

1.2.2.5.2 Atmospheric Oxidation A significant thermodynamic drive for C—B bond
oxidation results as a direct consequence of the large difference between B—O and
B—C bond energies (Section 1.2.2.1). Heats of reaction for the oxidative cleavage of
methylboronic acid with water and hydrogen peroxide are —112 and —345 kJ/mol,
respectively [25]. Yet, fortunately for synthetic chemists, oxidative cleavage of the B—C
bond of boronic acid derivatives with water or oxygen is a kinetically slow process, and
most boronic acids can be manipulated in ambient air and are stable in water in a wide

13



14

1 Structure, Properties, and Preparation of Boronic Acid Derivatives

range of pH. This is particularly true for aryl- and alkenylboronic acids, and in general,
samples of all types of boronic acids tend to be significantly more stable when moist
(coordination of water to boron likely acts as a protection) (Section 1.2.2.2) [42, 43, 85].
Exceptionally, the highly electron-poor arylboronic acid 4-carboxy-2-nitrophenylboro-
nic acid was reported to undergo slow oxidation to the corresponding phenol when left
in aqueous basic solutions (pH 9) [11]. On the other hand, basic aqueous solutions of
alkylboronate ions were claimed to be highly tolerant of air oxidation [42]. Free
alkylboronic acids, however, are quite prone to a slow atmospheric oxidation and
variable amounts of the corresponding alcohols may form readily when dried samples
are left under ambient air. Likewise, solutions of arylboronic acids in tetrahydrofuran
devoid of stabilizer may turn rapidly into the corresponding phenols. The propensity
of alkylboronic acids to undergo autoxidation depends on the degree of substitution,
with primary alkyl substituents being less reactive than the secondary and tertiary alkyl
substituents, respectively [85]. More potent oxidants such as peroxides readily oxidize
all types of boronic acids and their corresponding esters (Section 1.5.2.1). This
propensity for oxidation must be kept in mind while handling boronic acids.

1.2.2.5.3 Protolytic Deboronation Most types of boronic acids are highly resistant to
protolysis of the C—B bond in neutral aqueous solutions even athigh temperatures. For
example, p-tolylboronic acid was recovered unchanged after 28 h in boiling water [86].
Aqueous protodeboronation can become problematic at higher temperatures;
p-tolylboronic acid was completely deboronated to toluene after 6 h under pressure
at 130-150°C [86]. Deboronation of arylboronic acids can be effected quite readily in
highly acidic or basic aqueous solutions [87]. In particular, ortho-substituted and
especially electron-poor arylboronic acids are notorious for their propensity to proto-
deboronate under basic aqueous conditions, a process that can be exacerbated by
exposure to light [64]. Consequently, competitive deboronation may plague some
reactions employing boronic acids as reagents like the Suzuki-Miyaura cross-coupling
reaction (Section 1.5.3.1), which requires basic conditions often at high temperatures.
Under acidic aqueous conditions, however, the more electron-rich arylboronic acids
tend to deboronate faster [87, 88]. For example, p-carboxyphenylboronic acid was found
to be more tolerant than phenylboronic acid to the highly acidic conditions of ring
nitration under fuming nitric acid and concentrated sulfuric acid [89]. Certain
heteroaromatic boronic acids with the boronyl group next to the heteroatom (a-substi-
tuted) are notoriously prone to protodeboronation, but they can be stabilized as
tetrahedral adducts (Section 1.2.3.3) [41, 90]. The effect of acid, temperature, and ring
substitution of arylboronic acids on the kinetics of electrophilic protolytic deboronation
with strong aqueous acid has been studied by Kuivila and Nahabedian [91]. A relatively
complex behavior was found, and at least two possible pH-dependent mechanisms
were proposed. In contrastto their behavior with aqueous acids, mostarylboronicacids
and esters appear to be very resistant to nonaqueous acids, as evidenced by their
recovery from reaction processes using strong organic acids. For example, a phenolic
methoxymethyl ether was deprotected with a 2:1 CH,Cl,/CF3CO,H (TFA) mixture
thatleftintacta pinacol boronic ester functionality [92]. Likewise, free arylboronic acids
have been shown to tolerate, at ambient temperature, similar organic acid conditions
that effect cleavage of t-butoxycarbonyl groups (Equation 1.10) [93]. On the other hand,
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a report emphasized that arylboronic acids can be protodeboronated thermally
without added acid by prolonged heating in refluxing ethereal solvents [94].

N N
o, -Ph AN
) 30% TFA/ \ (1.10)
N CO,-+Bu  CH2Clp, Et3SiH N CO.H
—_— >
S e

(HO).B (HO).B

In contrast to arylboronic acids, early reports document the great stability of
alkylboronic acids under aqueous acidic solutions. For example, a variety of simple
alkylboronic acids were unaffected by prolonged heating in 40% aqueous HBr or
HI [42]. Like arylboronic acids, however, deboronation is observed in hot basic
aqueous solutions [85]. Alkenylboronic esters undergo protonolysis in refluxing
AcOH [95], and alkynylboronic acids were reported to be quite unstable in basic
aqueous solutions (Section 1.3.5).

All types of boronic acids can be protodeboronated by means of metal-promoted
C—B bond cleavage, and these methods are described separately later in this chapter
(Section 1.5.1).

1.2.3
Boronic Acid Derivatives

For the sake of convenience in their purification and characterization, boronic acids
are often best handled as ester derivatives where the two hydroxyl groups are masked.
On the other hand, transformation of the hydroxyl groups into other substituents
such as halides or borate salts may also provide an increase in reactivity necessary for
a number of synthetic applications. The next sections describe the most important
classes of boronic acid derivatives.

1.2.3.1 Boroxines (Cyclic Anhydrides)

Boroxines are the cyclotrimeric anhydrides of boronic acids. Their properties and
applications have been reviewed recently [96]. By virtue of boron’s vacant orbital,
boroxines are isoelectronic to benzene, but it is generally accepted that they possess
little aromatic character [97]. Several theoretical and experimental studies have
addressed the nature and structure of these derivatives [96]; in particular, the X-ray
crystallographic analysis of triphenylboroxine confirmed that it is virtually flat [98].
Boroxines are easily produced by the simple dehydration of boronic acids, either
thermally through azeotropic removal of water or by exhaustive drying over sulfuric
acid or phosphorus pentoxide [42]. These compounds can be employed invariably as
substrates in many of the same synthetic transformations known to affect boronic
acids. Interest in the applications of boroxines as end products has increased in the
past decade. Their use has been proposed as flame retardants [99] and as functional
materials (see Chapter 14) [100]. The formation of boroxine cross-linkages has been
employed as a means to immobilize blue light-emitting oligofluorene diboronic
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acids [101]. Samples of boroxines, which may also contain oligomeric acyclic
analogues, were found to be sensitive to autoxidation when dried exhaustively
(Sections 1.2.2.2 and 1.2.2.5.2). A study examined the thermodynamic parameters
of boroxine formation in water (Equation 1.11) [102]. Using 'H NMR spectroscopy,
the reaction was found to be reversible at room temperature, and the equilibrium
constants, relatively small ones, were found to be subject to substituent effects. For
example, boroxines with a para-electron-withdrawing group have smaller equilibri-
um constants. This observation was interpreted as an outcome of a back-reaction (i.e.,
boroxine hydrolysis) that is facilitated by the increased electrophilicity of boron. Steric
effects also come into play, as indicated by a smaller K-value for ortho-tolylboronic acid
compared to the para-isomer. Variable temperature studies provided useful ther-
modynamic information, which was found consistent with a significant entropic
drive for boroxine formation due to the release of three molecules of water.

O-B
3 R—Q—B(OH)Q P R—Q—E{ o +3H0 (11D
O-B

K- [boroxine] [H20]3

; 3
[boronic acid] R

1.2.3.2 Boronic Esters

By analogy with carboxylic acids, the replacement of the hydroxyl groups of boronic
acids by alkoxy or aryloxy groups provides esters. By losing the hydrogen bond
donor capability of the hydroxyl groups, boronic esters are less polar and easier to
handle. They also serve as protecting groups that can mitigate the particular reactivity
of boron—carbon bonds. Most boronic esters with a low molecular weight are liquid at
room temperature and can be conveniently purified by distillation. Exceptionally, the
trityloxymethyl esters described above are crystalline solids [15]. A selection of
the most commonly encountered boronic esters is shown in Figure 1.9. Many of
these esters are chiral and have also been used as inducers in stereoselective
reactions discussed in Section 1.3.8.4. In addition, a number of macrocyclic olig-
omeric esters have been described [103].

1.2.3.2.1 Stoichiometric Formation in Nonaqueous Conditions The preparation of
boronic esters from boronic acids and alcohols or diols is straightforward (Equation
1.12, Figure 1.9). The overall process is an equilibrium and the forward reaction is fast
with preorganized diols, and particularly favorable when the boronate product is
insoluble in the reaction solvent. The backward process (hydrolysis) can be slowed to
a practical extent by using bulky diols such as pinanediol or pinacol. Otherwise, ester
formation can be driven by azeotropic distillation of the water produced using a
Dean-Stark apparatus or, alternatively, with the use of a dehydrating agent (e.g.,
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Figure 1.9 Common types of boronic esters.

MgSO,4, molecular sieves, etc.). The use of mechanochemistry (i.e., solvent-less
grinding) has been reported for the preparation of cyclic esters by condensation of
certain diols with aliphatic and aromatic boronic acids [104]. Boronic esters can also
be made by transesterification of smaller dialkyl esters like the diisopropyl boronates,
with distillation of the volatile alcohol by-product driving the exchange process. In the
case of cyclic esters made from the more air-sensitive alkylboronic acids, an alternate
method involves treatment of a diol with lithium trialkylborohydrides [105]. Likewise,
cyclic ethylboronates were prepared by reaction of polyols with triethylborane at
elevated temperatures [106]. One of the first reports on the formation of boronic
esters from diols and polyols, by Kuivila et al., described the preparation of several
esters of phenylboronic acid by reaction of the latter, in warm water, with sugars like
mannitol and sorbitol and 1,2-diols like catechol and pinacol [107]. The desired
nonpolar boronic esters precipitated upon cooling the solution. Interestingly, cis-1,2-
cyclohexanediol failed to provide the corresponding cyclic ester and the authors
rationalized this observation on the basis of the unfavorable diol geometry of
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Figure 1.10 Specific examples of boronic ester formation with cyclic diols.

the substrate. Thus, although the two diols are not oriented in the same plane in the
chair conformation (Equation 1.13, Figure 1.10), they can adopt such a favorable
orientation only in the boat conformer, which is thermodynamically unfavor-
able [107]. Under anhydrous conditions (i.e., refluxing acetone), phenylboronic
esters of cis-1,2-cyclopentanol and cis-1,2-cyclohexanol can be isolated [108].
The trans-isomers, however, failed to give a 1:1 adduct, and based on elemental
analysis and molecular weight determinations, rather gave 1:2 adducts such as 45
(Equation 1.14). The existence of a seven-membered trans 1: 2 adduct of a glucopyr-
anoside was recently demonstrated by NMR spectroscopy [109]. This behavior can be
explained in terms of the large energy required for the trans-diol to adopt a coplanar
orientation, which would increase ring strain and steric interactions between axial
atoms. The marked preference for the formation of boronic esters from cyclic cis-
diols was exploited in the concept of dynamical combinatorial chemistry, using
phenylboronic acid as a selector to amplify and accumulate one out of nine possible
dibenzoate isomers of chiro-inositol that exist under equilibrating conditions
through base-promoted intramolecular acyl migration (Equation 1.15) [110]. The
relative thermodynamic stability of several boronic esters was examined by com-
paring the equilibrium composition of products in the transesterification of 2-
phenyl-1,3,2-dioxaborolane with various diols by NMR spectroscopy in deuterated
chloroform (Figure 1.11) [111]. Rigid, preorganized diols like pinanediol (39) provide
the most robust esters and it was also found that six-membered esters are generally
more stable than the corresponding five-membered boronates (i.e., 29 versus 28).
Presumably, the stabilizing effect of B—O conjugation via overlap of boron with
oxygen lone pairs is geometrically optimal in the larger rings. Diethanolamine
boronic esters (43, Figure 1.9) represent a useful class of boronic acid derivatives [112].
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Figure 1.11 Relative thermodynamic stability in a series of boronic esters.

Other N-substituted derivatives were characterized [113]. The presence of internal
coordination between the nitrogen lone pair and boron’s vacant orbital constitutes a
unique structural characteristic of these tetrahedral derivatives. This coordination
makes the hydrolysis reaction less favorable and even stabilizes the boron atom against
atmospheric oxidation. Diethanolamine boronic esters can be conveniently formed in
high yields, often without any need for dehydration techniques, as they tend to
crystallize out of solution. These adducts are solids, often crystalline, with sharp
melting points, and can thus be used for purifying and characterizing boronic acids, as
well as in the chemical protection of the boronyl group toward various transformations
(see Section 1.3.8.6). The concept of internal coordination in diethanolamine esters
has been exploited in the development of the DEAM-PS resin for immobilization and
derivatization of boronic acids (Section 1.4.2.1).

1.2.3.2.2 Hydrolysis and Cleavage From a thermodynamic standpoint, the stability
of B—O bonds in boronic acids and their ester derivatives is comparable (Sec-
tion 1.2.2.1). Consequently, hydrolysis, in bulk water or even by simple exposure to
atmospheric moisture, is a threatening process when handling boronic esters that are
kinetically vulnerable to the attack of water. In fact, hydrolysis is very rapid for all acyclic
boronic esters such as 27 (Figure 1.9) and for small unhindered cyclic ones such as
those made from ethylene or propylene glycol (28 and 29) and tartrate derivatives
(36) [114]. Catechol esters (35) are another class of popular derivatives as they are the
direct products of hydroboration reactions with catecholborane (Section 1.3.4.4). Due
to the opposing conjugation between the phenolic oxygens and the benzene ring, these
derivatives are more Lewis acidic and are quite sensitive to hydrolysis. They are stable
only in nonhydroxylic solvents and are not compatible with silica chromatogra-
phy [115]. In the hydrolytic cleavage of catechol boronic esters, it is often necessary
to carefully monitor the pH and buffer the acidity of the released catechol.

In contrast, hydrolysis can be slowed down considerably in the case of hindered
cyclic aliphatic esters such as the C2-symmetrical derivatives 37 [116] and 38 [117],
pinacol (30) [107], pinanediol (39) [118], Hoffmann’s camphor-derived diols (40 and
41) [119], and the newer 42 [120] (Figure 1.9). Indeed, many of these boronic esters
tend to be stable to aqueous workups and silica gel chromatography. The robustness of
the esters of trans-1,4-dimethoxy-1,1,4 4-tetraphenyl-2,3-butanediol (42) was demon-
strated in its applications as a protecting group for alkenylboronic acids [120].
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The resulting alkenylboronic esters are tolerant of a wide variety of reaction
conditions (Section 1.3.8.6). Unfortunately, the bulky boronic esters 39-42 are
very robust to hydrolysis, and their conversion back to boronic acids is notoriously
difficult. The removal of the bulky pinanedioxy group in boronates 39 exemplifies
the magnitude of this particular problem. It is generally not possible to cleave a
pinanediol ester quantitatively in water even under extreme pH conditions. It can
be released slowly (over several days) and rather ineffectively by treatment with
other rigid diols in chloroform [121]. Cleavage of various pinanedioxy boronates has
been achieved by transborylation with boron trichloride [22, 121-125], which
destructs the pinanediol unit, or by reduction to the corresponding borane using
lithium aluminum hydride (Equations 1.16 and 1.17, Figure 1.12) [126]. Both of
these derivatives can be subsequently hydrolyzed to afford the desired boronic acid.
More recently, mild approaches have been developed to convert the robust
DICHED, pinacol, and pinanediol esters into difluoroboranes or trifluoroborate
salts (Equation 1.18, Figure 1.12) [127, 128]. The latter can then be hydrolyzed to the
corresponding boronic acids using various methods (Section 1.2.3.8) [128, 129].
Two-phase transesterification procedures with polystyrylboronic acid [130] or
with phenylboronic acid have been described, but the latter is only applicable
to small, water-soluble boronic acids [131]. Most of these procedures, such as
the BCls-promoted method, were applied to the particular case of pinanediol
esters of a-acylaminoalkylboronic acids [22, 125]. Using such a substrate, 46,
an oxidative method allowed the recovery of free boronic acid 47 in good yield
from a periodate-promoted cleavage that destructs the pinanediol unit or by
using the biphasic transesterification method in hexanes/water (pH 3) (Equations
1.19 and 1.20, Figure 1.12) [132]. The cleavage of methoxyphenyl-substituted
pinacol-like boronates 31 (Figure 1.9) can be effected under oxidative conditions,
providing an orthogonal strategy to protect boronic acid compounds in various
transformations [133].

Long ago, the hydrolysis of a series of five-, six-, and seven-membered phenylboro-
nic esters was studied by measuring the weight increase of samples subjected to air
saturated with water vapor (i.e., under neutral conditions) [134]. The occurrence of
hydrolysis was confirmed by the observation of phenylboronic acid deposits. This early
study confirmed that hindered esters such as phenylboron pinacolate (PhBpin)
hydrolyze at a much slower rate, and that six-membered boronates are more resistant
to hydrolysis than the corresponding five-membered analogues. These results were
interpreted in terms of the relative facility of boron—-water complexation to form a
tetracoordinate intermediate. Two factors were proposed: (1) the increase of steric
effects on neighboring atoms upon formation of the hydrated complex, and (2) the
release of angle strain, which is optimal in the five-membered boronates due to the
decrease of the O—B—0 and B—O—C bond angles from about 120° to 109° upon
going from a planar configuration to the tetracoordinate hydrated form with tetra-
hedral B and O atoms. Propanediol derivative 34 emphasizes the importance of steric
hindrance to the coordination of water in order to minimize kinetic hydrolysis. The
hydrolysis of 34 is considerably slower compared to the unsubstituted 1,3-propanediol
ester (29). The superior stability of ester 34 toward hydrolysis was attributed to the axial
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Figure 1.12 Cleavage of pinanediol boronic esters.

methyl groups, which develop a 1,3-diaxial interaction with the boron center in the
approach of water from either face (Equation 1.21, Figure 1.12).

While developing a novel two-phase system for the basic hydrolysis of DICHED
esters, 37, Matteson proposed a useful generalization on the process of thermody-
namic hydrolysis of boronic esters (Scheme 1.1) [135]. Using a relatively dilute
nonmiscible mixture of 1 M aqueous sodium hydroxide and diethyl ether (required
to avoid precipitation of boronate salt 48), the equilibrium ratio of 42: 1 of 49 to 37
in the ether phase was reached slowly only after 18 h by using a large excess of
sodium hydroxide with respect to the boronic ester 37. By using soluble triols like
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Scheme 1.1  Hydrolysis of boronic esters in a two-phase system.

pentaerythrol to transesterify salt 48 into a more water-soluble salt (i.e., 50/51/52) and
thus facilitate the liberation of DICHED, a higher ratio of 242:1 was obtained.
The free boronic acid could then be recovered by acidification of the aqueous phase
containing a mixture of 50-52, followed by extraction with ethyl acetate. This new
procedure, however, was not successful for the complete hydrolysis of pinanediol
phenylboronic ester, providing the optimal pinanediol:boronic ester ratio of only
3.5:11n the ether phase. These results were interpreted in terms of the determining
thermodynamic factors controlling the reversible hydrolysis or transesterification of
boronic esters. Entropic factors in the hydrolysis of cyclic esters are unfavorable as
three molecules are converted into only two. In this view, transesterification with a
diol, instead of hydrolysis, is entropically even and thus more favorable. More
important factors affecting the equilibrium are the effect of steric repulsions
on enthalpy and the entropies of internal rotation of the free diols. For example,
trans-4,5-disubstituted dioxaborolanes such as DICHED esters present a minimal
extent of steric repulsions as the two cyclohexyl substituents eclipse C—H bonds.
On the contrary, pinacol esters present a significant amount of steric repulsion from
the four eclipsing methyl groups. Consequently, it is not surprising that pinacol
esters can be transesterified easily with trans-DICHED so as to relieve these eclipsing
interactions [15, 136]. In this scenario, the exceptional resistance of pinanediol
esters to thermodynamic hydrolysis would be due to the rigid cyclic arrangement,
whereby the two hydroxyls are preorganized in a coplanar fashion to form a boronic
ester with essentially no loss of entropy from internal rotation compared to the free
pinanediol. Other types of esters, including DICHED [137] and the robust pinacol
esters of peptidyl boronates [138], have also been converted to the boronic acids
through transesterification with diethanolamine in organic solvent, followed by
acidic aqueous hydrolysis. This method, however, is effective only if the resulting
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diethanolamine ester crystallizes from the solution so as to drive the equilibrium
forward. As stated above, the transesterification of cyclic boronic esters with diols is
often slow, and particularly so in organic solvents. Wulff et al. found that a number of
boronic acids possessing proximal basic atoms or substituents (e.g., 16, Figure 1.7)
lead to a large neighboring group effect, and the transesterification equilibriums are
reached much faster with these boronic acids as a result of a rapid proton
transfer [139].

1.2.3.2.3 Boronic Acid-Diol (Sugar) Equilibrium in Water and Protic Solvents The
reversible formation of boronic esters by the interaction of boronic acids and polyols
in water was first examined in the seminal study of Lorand and Edwards [52]. This
work followed an equally important study on the elucidation of structure of the borate
ion [140]. By measuring the complexation equilibrium between several model diols
and monosaccharides using the method of pH depression, it was shown that ester
formation is more favorable in solutions of high pH where the boronate ion exists in
high concentrations (Equation 1.22, Figure 1.13). This study also confirmed the
Lewis acid behavior of boronic acids and the tetracoordinate structure of their
conjugate base, that is, the hydroxyboronate anion (Section 1.2.2.4). Another con-
clusion made from this study is the lower Lewis acid strength of free boronic acids
compared to that of their neutral complexes with 1,2-diols. For example, the pK, of
PhB(OH), decreases from 8.8 to 6.8 and 4.5 upon formation of cyclic esters with
glucose and fructose, respectively [141]. To explain the favorable thermodynamic
effect observed at high pH (Equation 1.22, Figure 1.13) in comparison to neutral pH
(Equation 1.23), it was hypothesized that the formation of hydroxyboronate com-
plexes of 1,2-diols is accompanied by a significant release of angle strain resulting
from the rehybridization of the boron from sp” to sp® (i.e., 120° versus 109° bond
angles) [52]. A series of investigations on the equilibria and mechanism of
complexation between boric acid or boronic acids with polyols and other ligands
in water were reported by Pizer and coworker. Early work by this group [58] and
others [142] showed that the stability constants of complexes increase when the aryl
substituent on the boronic acid is electron poor, which is consistent with the view that
the formation of anionic hydroxyboronate complexes is the drive for release of angle
strain. Using methylboronic acid and simple 1,2- and 1,3-diols, equilibrium

- PH HO pH >10 W
@,B\_OH . Q + 2H,0 (1.22)
OH HO

pH7.5
O ) O e o

Figure1.13  Equilibrium formation of boronic esters from diols at high (Equation 1.22) and neutral
(Equation 1.23) pH in water.
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constants were measured both by pH titration and ''B NMR spectroscopy [143].
Constants of 2.5, 5.5, and 38 were found for 1,3-propanediol, 1,2-ethanediol, and
1,2,3-propanetriol respectively, with the latter binding much preferentially with a 1,2-
diol unit. The results of this work also suggested that the tetracoordinate hydro-
xyboronate anion is much more reactive than the trigonal neutral boronic acid in
forming esters with diols (at least 10* times faster), with forward rate constants in the
range of 10°~10* M/s. It was suggested that the high reactivity of the boronate anion
could be interpreted in terms of an associative transition state involving proton
transfer and hydroxide displacement within a pentacoordinated boron. This funda-
mental view has been challenged in a recent experimental study claiming that
boronate formation with aliphatic diols occurs through trigonal boronic acids, with
a high pH needed only to provide a small but sufficient concentration of the anionic,
monodeprotonated diol [144]. In the past decade, interest in the interaction between
boronic acids and cis-diols has developed tremendously due to its applications in the
development of receptors and sensors for saccharides and in the design of new
materials (Sections 1.6.4 and 1.6.10 and Chapters 13 and 14). For instance, the
reversibility of boronic ester formation in hydroxylic solvents has been exploited in
the crystallization-induced dynamical self-assembly between tetraol 53 and p-phe-
nyldiboronic acid (Figure 1.14) [145]. Different inclusion complexes are observed
depending on the solvent composition and the presence or absence of methanol is
utilized as an on/off switch. For example, the [2 + 2] boxed toluene complex 54,
structurally characterized by X-ray crystallography, is formed in toluene, whereas a
[3 + 3] box is formed in benzene. Similar to the case of simple polyols discussed
above, the binding of carbohydrates to boronic acids is subject to the same geomet-
rical preference for a preorganized, coplanar diol unit. In fact, it was demonstrated
that in water, boronic acid receptors bind to glucose in the furanose form, which
presents a very favorable, coplanar 1,2-diol [146]. X-ray crystallographic structures of
2:1 complexes between phenylboronic acid and p-fructose and p-glucose (in its
furanose form), respectively, have been obtained [147, 148]. All these observations

O o'o
HO OH \/

OH CH3OH/toluene
53
(2 1)
+ ©\
rt, 30 min
HO)ZB—Q—B(OH / \
m&‘

54 [2 + 2 + toluene]

Figure 1.14 Self-assembled, reversible tetraboronic ester cages.
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concur with the absence of appreciable complexation between normal boronic acids
and nonreducing sugars (glycosides) and the low affinity of 14 linked oligosacchar-
ides such as lactose [149, 150]. Recently, however, benzoboroxoles such as 8
(Figure 1.2) were demonstrated to complex glycopyranosides weakly [151] and these
units have been employed in the design of “syntheticlectins” (Chapter 13). Fluorescent
catechol derivatives such as the dye alizarinred S (ARS) also form covalentadducts with
boronic acids in water, and this equilibrium has been used as a competitive color- and
fluorescence-based assay for both qualitative and quantitative determination of sac-
charide binding [152]. Using the ingenious ARS assay, Springsteen and Wang pre-
sented an interesting cautionary tale from discrepancies found in the measurements of
boronic acid-diol binding constants based on the above-mentioned method of pH
depression [141]. The latter method may not always be reliable at providing the true
overall equilibrium constants due to the multiple states of ionization of the boronicacid
and the resulting ester (neutral trigonal or tetrahedral hydroxyboronate), which is
further complicated by the pronounced effect of the solvent, pH, and buffer compo-
nents and the concentration of these species on the equilibrium [141, 153]. A follow-up
study further concluded that despite some accepted generalizations, exceptions exist
and the optimal pH for diol-boronicacid complexation is notalways above the pK, of the
boronic acid [57]. Likewise, boronic acids with a lower pK, do not always show greater
binding affinity to diols.

1.2.3.3 Acyloxy- and Diacyloxyboronates

Acyloxyboronates have seldom been employed as boronic acid derivatives compared to
diacyloxyboronates [154]. N-Alkyliminodiacetate complexes of boronic acids homol-
ogous to 44 (Figure 1.9) were found to be even more robust than diethanolamine
complexes (B—N AG” > 90 versus 60 kJ/mol for 43) [20]. Compared to the alkoxy
groups of 43, the electronic effect of the carboxyl groups leads to a more acidic boron
atom, hence a stronger B—N interaction. The N-methyl derivatives 55 (Equation 1.24),
termed MIDA boronates, form easily in benzene-DM SO mixtures with a Dean—Stark
apparatus and can be cleaved relatively easily in basic media [155]. MIDA boronates
tolerate various reaction conditions and have recently been exploited as a means to
mask boronic acids in iterative cross-coupling strategies (Section 1.3.8.6) [156].

0 (0]
HO Dean-Stark O‘JH
RB(OH), + N— ——> R-B-N— (1.24)
HO conditions 3
R = alkenyl, aryl,
heteroaryl 0 o
55

1.2.3.4 Dialkoxyboranes and Other Heterocyclic Boranes

Several cyclic dialkoxyboranes such as 4,4,6-trimethyl-1,3,2-dioxaborinane 56 [157],
1,3,2-benzodioxaborole (catecholborane) 57 [158], and pinacolborane 58 [159] have
been described (Figure 1.15). Dialkoxyboranes can be synthesized simply by the
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Figure 1.15 Common dialkoxyboranes and heterocyclic analogues.

reaction between equimolar amounts of borane and the corresponding diols. These
borohydride reagents have been employed as hydroborating agents, in carbonyl
reduction and more recently as boronyl donors in cross-coupling reactions. Dialkox-
yboranes have also been invoked as intermediates in the intramolecular, alkoxy-
directed hydroboration of f,y-unsaturated esters [160]. Sulfur-based heterocyclic
boranes were reported, including 1,3,2-dithiaborolane 59 [161]. Acyloxyboranes such
as Yamamoto’s tartaric acid-derived CAB catalyst 60 [162] and related oxazaboroli-
dinones such as 61, derived from N-sulfonylated amino acids, have been used as
chiral promoters for cycloadditions and aldol reactions of silyl enol ethers [163].
Synthetic applications of these catalysts are described in Chapter 12.

1.2.3.5 Diboronyl Esters

A number of synthetically useful diboronyl esters such as B,cat, 62 and particularly
B,pin, 63 have been described (Figure 1.16) [164]. The mixed reagent 64 has been
reported recently and employed in regioselective alkyne diborations [165]. Reagent 63
is commercially available at a relatively low cost. Diboronyl esters can be prepared
by condensation of a diol with tetrakis(dimethylamino)diboron precursor, which can
be made in three steps from boron tribromide [166]. A shorter and more practical
synthesis of Bjcat, was described [167]. The discovery that diboronyl compounds
can be employed with transition metal catalysts in a variety of efficient cross-coupling
and direct addition reactions to unsaturated compounds and C—H bonds can be
considered one of the most significant advances in boronic acid chemistry in the past
15 years. The chemistry of diboronyl compounds has been reviewed regularly [164]
and is discussed in several sections of this chapter and also in Chapters 2 and 3.

o o~ No o S m{ )
©: /B—B\ :@ /B—B\ /B—B\
62 63 64

Figure 1.16 Common diboronyl reagents.
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1.2.3.6 Azaborolidines and Other Boron—Nitrogen Heterocycles

Alarge number of heterocyclic derivatives of boronic acids have been described, and
useful X-ray crystallographic data were obtained for many of these compounds. It is
beyond the scope of this chapter to present a comprehensive account of these
derivatives; thus, only representative examples will be described in this section
(Figure 1.17). The benzodiazaborole products (65) of 1,2-phenylenediamine and free
boronic acids form readily in refluxing toluene [168, 169]. Both aliphatic and aromatic
acids are applicable, and it was claimed that the resulting adducts are easier to
recrystallize than the diethanolamine boronates. An intramolecular adduct was also
reported [170]. These benzodiazaboroles are air-stable, and the adduct of phenyl-
boronic acid was found to hydrolyze only slowly in aqueous solutions.
With anhydrous hydrogen chloride in toluene, a dihydrochloride salt was formed
[168, 169]. The unusual stability of adducts 65 was further supported by the fact that

H H Ha o o
N N O HO_ "N R
(AR—B_ :@ Ar—B /B\‘I
\
: ORI
H 67
65 66
; (1.25)
{_@ soH), == 3 ‘.
\/_< >_ o
\
OH
69
J I —~
OH
v, _NH +
o HJKH/ O N.-.O (1.26)
0 - B\
OH 1¥pp
DO °
PhB(OH), OO
70
71 (97%)
Me 0 0 Ph Ph
\
N NH CI) C')<
N B (A)R-E I
N N~ ~Ph N Ph
H H R(Ar
72 73 75

Figure 1.17 Examples of azaborolidines and other heterocyclic analogues.



28

1 Structure, Properties, and Preparation of Boronic Acid Derivatives

they even form by exchange of tartrate esters with 1,2-phenylenediamine at room
temperature in benzene. Control studies showed that the position of the equilibrium
lies much toward the diazaborole, which is surprising with respect to thermodynamic
factors such as the much higher energy of covalent B—O bonds compared to B—N
bonds (see Section 1.2.2.1). As both ethylenediamine and aniline itself did not form
similar covalentadducts under the same conditions, it was suggested that the favorable
geometry of 1,2-phenylenediamine and the stability of the resulting five-membered
ring and its partial aromatic character were responsible for the highly favorable
formation of adducts 65 [168]. The 1,8-diaminonaphthalene adducts 66 form readily in
refluxing toluene, are cleaved with aqueous acid, and have been exploited recently as
boronic acid masking groups in iterative cross-coupling (see Section 1.3.8.6) [171].
Diazaborolidines from aliphatic 1,2-diamines, on the other hand, are not prepared
with such ease. For example, a number of chiral ones evaluated as chiral proton
sources were prepared from dichloroboranes [172].

Amino acids can condense with boronic acids to form 1 : 1 chelates of type 67 [173].
The tetracoordinate structure of these adducts is very apparent by NMR due to the
formation of a new stereocenter at boron. Interestingly, 4-boronophenylalanine (68),
a potential BNCT agent, was shown to dimerize to form head-to-tail paracyclophane
derivative 69 in a reversible fashion in DMSO (Equation 1.25, Figure 1.17) [174]. This
dimer is prevalent at low concentrations (<50 mM), while oligomeric mixtures
predominate at higher concentrations. Amino acid adducts of boronic acids are
hydrolytically unstable, and 69 was indeed found to revert to free 68 upon addition of
water to the solution. In contrast, the optically pure internally coordinated monomer
71 (Equation 1.26, Figure 1.17) is stable [24]. It was prepared in optically pure form
from amino alcohol 70 through a remarkable C—to-B chirality transfer process via a
1,3 H-shift. Purine analogue 72 was found to hydrolyze readily in aqueous ethanolic
solutions [175]. The addition product 73 between anthranilic acid and phenylboronic
acid was also reported [176]. Salicylhydroxamic acid adducts of arylboronic acids are
more resistant to hydrolysis and were proposed as components of an affinity system
for bioconjugation (Section 1.6.8) [177]. Both B-alkyl and B-aryl oxazaborolidinones 74,
made from N-sulfonylated amino acids such as tryptophan, have been employed as
chiral Lewis acids in several synthetic transformations (Chapter 12) [178] and in
crystallization-induced asymmetric transformations [179]. Amino alcohols can form
oxazaborolidines by condensation with boronic acids under anhydrous conditions.
Chiral oxazaborolidines derived from reduced amino acids (e.g., 75) have been a
popular class of Lewis acids for cycloadditions [180] and as catalysts and reagents for
the enantioselective reduction of ketones and imine derivatives [181]. The analogous
cationic oxazaborolidinium catalysts are even more efficient (see Chapter 12) [182].

ortho-Aminophenylboronic acid exists as a hydrogen-bonded heterodimer in
anhydrous aprotic solutions (Equation 1.27, Figure 1.18) [183]. In addition to the
benzoboroxole described in Section 1.2.2.1 (8, Figure 1.2) [16, 184, 185], there are
several other examples of internal heteroaromatic boronic acid derivatives where an
ortho-substituent closes onto the boron atom with either a dative or a covalent
bond [186]. For example, ortho-anilide derivatives 76 and the corresponding ureas (77),
of putative internally chelated form A, were shown to exist mainly in their cyclic
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OH
_B
Q
©:B(OH)2 B<n
— I (1.27)
NH ©:N-~'H
/N
H H
R
H0 or H,0 or HN:—\<
MeOH MeOH x (1.28)
B(OR E|;\_OR‘
R'O
c
76 X = o,
77 X =NH, NR
R = H, NHy, alkyl or aryl
R'=H, CHj, or CMG2CM€2
o}
N\’\]‘,Me
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Figure 1.18 Hemi-heterocyclic boronic ester derivatives.

monodehydrated form B (Equation 1.28, Figure 1.18) [183]. This is probably true even
in aqueous or alcohol solutions owing to the partial aromatic character of these boron-
containing analogues of purine heterocycles. In fact, it has even been shown that these
and similar compounds can add one molecule of water or alcohol by 1,4-addition and
thus exist in equilibrium with form C. One such derivative 78 was obtained from
recrystallization in methanol, and the X-ray crystallographic analysis proved its
zwitterionic structure with a tetrahedral boronate anion. A class of related derivatives
made from 2-formylboronic acid and hydrazines was also characterized [186], and the
boroxine of one internally chelated derivative 79 was studied by X-ray crystallogra-
phy [187]. Other examples of heterocyclic derivatives include pyrimidine analogue
80 [188].

1.2.3.7 Dihaloboranes and Dihydroalkylboranes

The highly electrophilic dihaloboranes can undergo reactions that do not affect
boronic acids and esters. For example, to achieve an oxidative amination of the
B—C bonds in boronate derivatives, it is necessary to transform boronic esters
into the corresponding dichlorides (Section 1.5.2.2). Several methods have been
described for the preparation of alkyl- and aryl- dichloroboranes, but only a few of
those conveniently employ boronic acids and esters as substrates. They can be
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FeCI3
RB(OR), + 2BCl; —  » RBCl, + 2BCLOR'

(1.29)
3HCl or
RB(OR), + LIAH, — > RBHsLi ——> RBCl; (1.30)
TMSCI
KHF
RB(OH)Z ——>» RBF3K (1.31)
o}
BF3K
P i N R1/<|/ s (1.32)
R2 acetone R2
(70-85%)

Figure 1.19  Synthesis of dichloroboranes, monoalkylboranes, and trifluoroborate salts.

accessed either by iron trichloride-catalyzed exchange of the boronic ester with BCl;
(Equation 1.29, Figure 1.19) [189] or by treatment of the corresponding monoalk-
ylborane with TMSCI [190] or acidification with anhydrous HCI in dimethyl sulfide
(Equation 1.30) [191]. The requisite monoalkyl and monoaryl borohydride salts can
be made by treating boronic esters with LiAlH, [192], and the use of HCl in dimethyl
sulfide leads to the isolation of the stable RBCl,—SMe, adducts (Equation 1.30) [191].
Both of these methods can be performed without any detectable epimerization when
using chiral boronic esters originating from the asymmetric hydroboration of
alkenes [189, 191].

1.2.3.8 Trifluoro- and Trihydroxyborate Salts

The organotrifluoroborate salts discussed in Section 1.2.3.2.2 are a class of air-stable
boronic acid derivatives that can be easily prepared according to a procedure
described by Vedejs et al. (Equation 1.31, Figure 1.19) [193]. Boronic esters also
react to give the desired salts [127]. These crystalline derivatives are easy to handle, are
competent substrates in many of the same reactions that employ free boronic acids,
and often outperform boronic acids as cross-coupling reagents. Chapter 11 provides
an overview of their synthetic applications in transition metal cross-coupling reac-
tions and other transformations [194]. They have also been evaluated as tracer
molecules for positron emission tomography (PET) applications [195]. There are
several methods to hydrolyze trifluoroborate salts back to boronic acids (see Chapter
11) and they can also be conveniently transformed into dichlororoboranes by
treatment with SiCl, in THF [196]. The incompatibility of boron—carbon bonds with
several oxidants limits the ability to further transform compounds containing a
boronic acid (ester) functionality. Taking advantage of the strong B—F bonds, the use
of organotrifluoroborate salts may be viewed as a way to protect boron’s vacant
orbital against an electrophilic reaction with a strong oxidant. Thus, as described in
Chapter 11, organotrifluoroborate salts have been shown to tolerate oxidations,
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including the remarkable epoxidation of 1-alkenyltrifluoroborate salts with preserva-
tion of the carbon-boron bonds in good yields with dimethyldioxirane (Equation 1.32,
Figure 1.19) [197]. It is significant that under the same conditions, 1-alkenylboronic
acids and the corresponding pinacol esters rather lead to the corresponding aldehyde
resulting from B—C bond oxidation. Owing to their unique properties, interest in the
chemistry of trifluoroborate salts has grown tremendously and several hundreds have
become commercially available.

Although they have long been postulated to exist in basic aqueous solutions,
trihydroxyborate salts of boronics are discrete, isolable derivatives that had not been
characterized until recently [23]. The sodium salt of p-methoxyphenyl boronic acid
(11, Figure 1.2) was recrystallized in water and its X-ray crystallographic structure
elucidated. When concentrated NaOH is added, these borate salts precipitate from
organic solutions and they can be isolated through a simple filtration. Not surpris-
ingly, they can undergo Suzuki-Miyaura cross-coupling in the absence of an added
base [23]. Cyclic trialkoxyborate salts (made from triols) behave similarly [198].

1.3
Preparation of Boronic Acids and Their Esters

The increasing importance of boronic acids as synthetic intermediates in the past
decades has motivated the development of new, mild, and efficient methods to
provide access to these important compounds. Of particular interest is the synthesis
of arylboronic acids substituted with a wide range of other functional groups. As a
consequence of their growing popularity and advances in methods available for their
preparation, a few thousands of functionalized boronic acids have become available
from several commercial sources. Although a number of methods like the oxidation
or hydrolysis of trialkylboranes bear a significant historical and fundamental rele-
vance, this section is devoted mainly to modern methods of practical value for
synthetic chemists.

1.3.1
Arylboronic Acids

Arylboronic acids remain the most popular class of boronic acids. Their popularity in
medicinal chemistry is in large part due to their role as cross-coupling partners for the
synthesis of biaryl units (Section 1.5.3.1), which are present in the structure of several
pharmaceutical drugs. Several methods, summarized in a generic way in Figure 1.20,
are now available for the synthesis of complex arylboronic acids and the following
section provides an overview of these methods with selected examples highlighted in
Table 1.3.

1.3.1.1 Electrophilic Trapping of Arylmetal Intermediates with Borates
One of the first and probably still the most common way of synthesizing arylboronic
acids involves the reaction of a hard organometallic intermediate (i.e., lithium or
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1.3.1.1.1 Electrophilic borate trapping of arylmetal intermediates from aryl halides

A= LR'M Ho  Py=
QX O‘ R WA

X=8Br |

1.3.1.1.2 Electrophilic borate trapping of arylmetals from directed ortho-metallation

DG
\— I R"Li H30+ R\_
B(OR), —> \ / B(OH),

ii. B( OR)
DG = directing group

1.3.1.2 Transmetallation of arylsilanes and arylstannanes

R, — R S R
N BBrs "= HO "=
@—SiMes  — \\/:/>—|3|3r2 = \\/:/>—|3(o|-1)2

1.3.1.3 Transition metal-catalyzed coupling between aryl halides/triflates
and diboronyl reagents

(RO)2B=B(OR),
Ri—= o OTHBOR): D_B oR)s <:>_ 8(OH
—>
\_ 7 Pd(0), base \_7 ( )2
X =Br, |, OTf

1.3.1.4 Direct boronation by transition metal-catalyzed aromatic C—H functionalization

(R'0)oB—B(OR")» R — R
Q or HB( OR)Q \ B(OR) H3z0 X B(OH)
Yo —> 2
TM catalyst \_7 \_7

1.3.1.5 Cycloadditions of alkynylboronates followed by aromatization

B(OR")2 heat

+ ||| or catalyst B(OR)2 B(ORY)2
[

Figure 1.20 Common methods for the synthesis of arylboronic acids (esters).

magnesium) with a borate ester at alow temperature, which is necessary to minimize
double addition leading to borinate side product. The corresponding zinc and
cadmium species are much less effective [199].

1.3.1.1.1 By Metal-Halogen Exchange with Aryl Halides Provided that the aryl halide
substrate is compatible with its transformation into a strongly basic and nucleophilic
arylmetal reagent, relatively simple aryl, alkenyl, and even alkylboronic acids can be
made from a sequence of metal-halogen exchange followed by electrophilic trapping
with a trialkylborate. The first such methods for preparing phenylboronic acid, which
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1.3 Preparation of Boronic Acids and Their Esters

involved the addition of methylborate to an ethereal solution of phenylmagnesium
bromide at —15°C, became notorious for providing a low yield of desired prod-
uct [200]. Boron trifluoride was also employed in place of borates [201]. In the early
1930s, Johnson and coworkers developed the first practical and popular method for
preparing phenylboronic acid and other arylboronic acids with an inverse addition
procedure meant to minimize the undesired formation of borinic acid by-prod-
uct [202, 203]. In this variant, phenylmagnesium bromide is slowly added to a
solution of n-butylborate at —70°C. In the reaction between an arylmagnesium
bromide and a trialkylborate, the exhaustive formation of undesired borinic acid and
borane via a second and third displacement on the intermediate boronic ester is
prevented by the precipitation of the magnesium trialkoxyphenylborate salt (81,
M =MgX, in Equation 1.33, Figure 1.21). The latter salt is also thought not to
dissociate into the corresponding boronic ester and metal alkoxide at low tempera-
tures, which is key to protecting the desired boronate from a second displacement by
the Grignard reagent (Equation 1.34). Then, the free boronic acid is obtained
following a standard aqueous workup to hydrolize the labile boronic ester substi-
tuents. These types of procedures have been used successfully in the kilogram-scale
preparation of arylboronic acids [204-206]. Borinic esters may form in significant
amounts at higher temperatures or when using electron-rich arylmagnesium
reagents. Equilibration of mixtures leading to enrichment in boronic esters is
practically useful in some limited cases [84].

The isolation of free boronic acids using an aqueous workup may lead to low yields
especially in the case of small or polar ones, which tend to be water soluble even at a
low pH (Sections 1.2.2.2 and 1.4). In such cases, it is often better to isolate the desired
compound as a boronic ester. Using an improved procedure that does not involve an
aqueous workup, Brown and Cole reported that the reaction of several types of
organolithium intermediates with triisopropylborate was found to be very effective
for the synthesis of arylboronic esters [207]. To help minimize the possible formation
of borinic acids and boranes by multiple displacements (i.e., Equation 1.34 in
Figure 1.21), the Brown-Cole protocol involves the slow addition of the organo-
lithium to a solution of triisopropylborate in diethyl ether cooled to —78 °C. The use
of smaller borate esters such as trimethylborate gave large proportions of multiple
addition products (i.e., borinic acid and borane). With the use of triisopropylborate,
however, the clean formation of lithium alkoxyboronate salt (81, M =Li, R =1i-Pr,
Figure 1.21) was demonstrated by NMR spectroscopy, and the boronic ester can be

AM + B(OR); —» M[AB(OR);] =<—= ArB(OR); + ROM (1.33)
81
ArB(OR), + ArM —> M[ArLB(OR),] =— ArB(OR) + ROM (1.34)

Figure 1.21 Equilibrium involved in the reaction between arylmetal intermediates (Li or Mg) and
borates.
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obtained in high purity as the final product upon addition of anhydrous hydrogen
chloride at 0°C. The use of pinacol borates leads directly to pinacol boronates. An
improvement to this procedure involves pyrolysis or the use of acid chlorides to
breakdown the lithium triisopropylboronate salt, thereby avoiding the generation of
free isopropanol and lithium chloride and facilitating the isolation of the boronic
ester [208]. An in situ quench variant whereby triisopropylborate is present in the flask
prior to the addition of butyllithium was described, and in many cases this simpler
procedure afforded superior yields of arylboronic and heteroaryl boronic acids
compared to the sequential addition procedure [209]. In addition to arylboronic
esters, alkenyl, alkynyl, alkyl, and even a-haloalkylboronic esters were made in this
way [207]. If desired, the free boronic acid may be obtained by hydrolysis of the ester.
The metal-halogen exchange route, both from aryllithium and arylmagnesium
intermediates, can even be applied to functionalized substrates containing acidic
hydrogen atoms provided that temporary protection via silylation is effected (entry 1,
Table 1.3) or a suitable excess of organometallic reagent is employed (entries 2 and 4).
All isomers of hydroxybenzeneboronic acid were synthesized from the correspond-
ing bromophenols using this method [212]. An efficient, low-temperature I-to-Mg
exchange protocol [213] compatible with esters, nitriles, and benzylic bromide
functionalities was employed in a facile synthesis of o-nitro arylboronic acids (entry 3,
Table 1.3) [214a]. A variant using in situ borate quench provides a noncryogenic
preparation of other arylboronic esters [214b).

A new convenient procedure to synthesize arylboronic esters from Grignard
reagents and trimethylborate was described [215]. This method involves a nonaque-
ous workup procedure where the resulting solution of aryldimethoxyboronate is
evaporated to eliminate the excess B(OMe); and the residual solid is refluxed
overnight in a solution of diol in toluene. In particular, several ethylene glycol
arylboronic esters were prepared using this method (e.g., entry 5, Table 1.3).
Alternatively, the robust pinacol ester can be obtained directly by electrophilic
quench of the aryllithium intermediate with a pinacol borate ester (entry 6).
The use of bis(diisopropylamino)boron chloride as trapping agent in the
reaction of both organolithium and magnesium compounds provides the corre-
sponding bis(diisopropylamino)boranes, which can be easily transformed into the
corresponding boronic esters and oxazaborolidines by exchange with a diol or an
aminodiol [217].

1.3.1.1.2 By Directed ortho-Metalation The metalation of arenes functionalized
with coordinating ortho-directing groups such as amines, ethers, anilides, esters,
amides, and carbamates is yet another popular way to access arylmetal intermediates
that can be trapped with boric esters. Early work showed that the ortho-lithiation of
N,N-dialkylated benzylamines was a suitable method for the synthesis of ortho-
methylamino-benzeneboronic acids [218-220]. Sharp and Snieckus further demon-
strated the efficiency of this method in the preparation of ortho-carboxamido
phenylboronic acids (entry 7, Table 1.3) [221]. This protocol was then generalized
to many other substrates. For example, methoxymethoxybenzene (entry 8) and
pivaloylaniline can be treated with s-Buli in the presence of TMEDA in THF at
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—78°C, and the resulting ortho-lithiated intermediates are quenched with trimethyl
borate followed by an aqueous acidic workup described above (Section 1.3.1.1.1),
giving the corresponding arylboronic acids in good yields [222, 223]. Although the
crude boronic acids could be used directly in Suzuki cross-coupling reactions, they
were characterized as their stable diethanolamine adducts. The ortho-metalation
route to arylboronic acids constitutes a reliable process in pharmaceutical chemistry,
where it can be applied to heterocyclic intermediates such as a tetrazole required in
the synthesis of the antihypertensive drug losartan (entry 9, Table 1.3) [224]. N,N-
Diethyl O-carbamates are particularly valuable directors for the introduction of ortho-
boronyl groups, as they can also be employed as orthogonal partners in Suzuki—
Miyaura cross-couplings [225]. The use of carboxyesters as directing groups is more
problematic as the metalated intermediate can undergo condensation with the
benzoate substrate, giving a benzophenone. In a newer protocol, the metalation
step is performed in the presence of the borate electrophile [226]. This in situ
metalation-boronylation procedure employs LDA as base, and neopentyl esters were
found particularly suitable because of their stability in the presence of this base. Most
importantly, the LDA is compatible with boric esters under the conditions employed,
and its inertness to bromide-substituted benzoates provides another significant
advantage over the use of Buli for the deprotonation step. Thus, treatment of a
solution of bromo-substituted neopentyl benzoate esters and excess triisopropylborate
with LDA (1.1-1.5 equiv) in THF led to the isolation of crude ortho-carboxy arylboronic
acids, which were isolated as diethanolamine adducts in high yields (entry 10,
Table 1.3). A limitation of this method, using LDA as the base, is the requirement
for an electron-withdrawing substituent to activate the arene substrate. Neopentyl
benzoate, for example, does not undergo directed metalation and rather gives the
corresponding diisopropyl carboxamide. A recent variant of this in situ trapping
procedure using 2,2,6,6-tetramethylpiperidide (LIMP) as the base led to a more
general methodology allowing the presence of other substituents normally incom-
patible with standard ortho-metalation procedures with alkyllithium bases [227]. For
example, ethyl benzoate, benzonitrile, and fluoro- and chlorobenzene were trans-
formed in high yield into the corresponding ortho-substituted boronic acids as
neopentylglycol esters. As demonstrated in the case of ethyl benzoate (entry 11), the
use of LTMP as the base is particularly advantageous because LDA fails to metalate this
substrate and rather provides the carboxamide product of addition to the ester.

1.3.1.2 Transmetalation of Aryl Silanes and Stannanes

One of the earliest methods for preparing aromatic boronic acids involved the
reaction between diaryl mercury compounds and boron trichloride followed by
hydrolysis [228]. Borane can also be employed [229]. As organomercurial compounds
are to be avoided for safety and environmental reasons, this approach has remained
unpopular. In this respect, trialkylaryl silanes and stannanes are more suitable and
both can be transmetalated efficiently with a hard boron halide such as boron
tribromide [230]. The apparent thermodynamic drive for this reaction is the
higher stability of B—C and Si(Sn)—Br bonds of product compared to the respective
B—Br and Si(Sn)—C bonds in the substrates. It is noteworthy that the resulting
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dibromoboranes can be cross-coupled in situ with aryl halides [231]. Using this ipso-
desilylation method, functionalized arylboronic acids, including indolylboronic
acids, can be made following an aqueous acidic workup to hydrolyze the arylboron
dibromide intermediate [222, 231]. For example, some boronic acids were synthe-
sized more conveniently from the trimethylsilyl derivative than by a standard low-
temperature ortho-metalation procedure (entry 12, Table 1.3). The use of pinacol in
the workup leads to the corresponding boronic esters [231].

1.3.1.3 Coupling of Aryl Halides with Diboronyl Reagents

The traditional method involving the trapping of aryllithium or arylmagnesium
reagents with boric esters is limited by the functional group compatibility of these
hard organometallic species as well as the rigorously anhydrous conditions required.
In search for milder conditions amenable to a wider scope of substrates and
functionalities, Miyaura and coworkers found that diboronyl esters such as B,pin,
(63, Figure 1.16) undergo a smooth cross-coupling reaction with aryl bromides,
iodides, and triflates under palladium catalysis [232]. This modern reaction process is
described in Chapter 2; thus, only a brief summary is presented in this section.
A detailed mechanism has been proposed [164b, 232], and a number of diboronyl
reagents are now commercially available, including the common diborylpinacolate
(Bapiny). Standard conditions for the coupling reaction involve PdCl,(dppf) as
catalyst, with potassium acetate as the base in a polar aprotic solvent [232]. The
mildness of these conditions is apparent in the use of carbonyl-containing substrates
such as benzophenones (entry 13, Table 1.3) or benzaldehydes [92], which would
be incompatible with the metal-halogen exchange procedures described in
Section 1.3.1.1. Pinacolborane (58, Figure 1.15) can also serve as an efficient boronyl
donor in this methodology (entry 14) [233]. The use of cedranediolborane has also
been proposed as an alternative to pinacolborane, which gives pinacol esters that are
notoriously difficult to hydrolyze [235]. The scope of arene substrates in coupling
reactions with diboronyl esters or pinacolborane is very broad. The preparation of
peptide dimers has been described using a one-pot borylation/Suzuki coupling [236].
Hindered [238], electron-rich aryl halides (entries 14 and 15), and even pyridinyl
halides [239], may also be used with high efficiency. Of particular significance is the
use of pinacolborane with aryltriflates, which can be made with ease from phe-
nols [233]. For instance, 4-borono-phenylalanine is now easily accessible from
tyrosine using this approach (entry 16). As shown with this example and others [238],
the use of diboronyl reagents with hydrolytically labile substituents is advantageous if
the desired product is the free boronic acid. Alternatively, a recent procedure employs
B,(OH), directly with aryl halides (entry 17) [241]. Aryl chlorides are more attractive
substrates compared to bromides and iodides due to their low cost and wider
commercial availability. In this regard, modified conditions with Pd(dba), and
tricyclohexylphosphine as catalyst system provide pinacolates from aryl chlorides,
even electron-rich ones (entry 18, Table 1.3) [242]. Other palladium ligand systems
are efficient [243]. Alternatively, a microwave-promoted procedure for aryl
chlorides using a palladium/imidazolium system has been described [244]. A similar
procedure employed aryldiazonium salts as substrates [245]. Recent procedures for



1.3 Preparation of Boronic Acids and Their Esters

nickel-catalyzed borylations for aryl halides [246] and sulfonates [247] and copper-
catalyzed variants have been reported [248].

1.3.1.4 Direct Boronation by Transition Metal-Catalyzed Aromatic C-H
Functionalization

In terms of atom economy, a very attractive strategy for preparing boronic acids and
esters is the direct boronation of arenes through a transition metal-catalyzed C—H
functionalization [249]. In addition to the catalyst, a suitable boron donor is required,
and both diboronyl esters and dialkoxyboranes were found to be very appropriate in
this role. The concept of this type of direct borylation was first demonstrated on
alkanes using photochemical conditions [250]. For arene substrates, several research
groups including those of Smith [251], Hartwig [252], Miyaura/Hartwig [253], and
Marder [254] have pioneered a number of efficient procedures using iridium and
rhodium catalysts (entry 19, Table 1.3). The most active catalyst for this chemistry is
an iridium di-¢-butylbipyridine (dtbpy) complex [253], and room-temperature boryla-
tions of para-substituted cyanoarenes with this system tend to occur mainly ortho to
the nitrile (entry 20) [255]. Otherwise, regioselectivity is under steric control and it
remains a major challenge except for monosubstituted and 1,3-disubstituted arenes
where meta-borylation is the main pathway, thus complementing the directed ortho-
metalation/borylation approach described in Section 1.3.1.2 [256]. Exceptionally, a
heterogeneous, silica-supported Ir-phosphine catalyst provides directed ortho-bor-
ylation of a wide variety of monosubstituted arenes in very high selectivity [257]. The
scope and mechanism of this contemporary approach to the synthesis of boronic acid
derivatives are discussed in detail in Chapter 2.

1.3.1.5 Cycloadditions of Alkynylboronates

Alkynylboronates are versatile cycloaddition partners [258]. Thermal [4 + 2] cycload-
ditions are possible with activated dienes [259, 260]. For example, 2-pyrones
provide polysubstituted arylboronates in variable regioselectivities following CO,
extrusion (entry 21, Table 1.3) [260]. Harrity and coworkers also described the
application of 2-substituted 1-alkynylboronic esters in the Dotz cycloaddition of
Fisher chromium carbene complexes, affording in a highly regioselective manner
a novel class of hydroxy-naphthyl boron pinacolates (entry 22, Table 1.3) [261].
These reaction products also provided, upon treatment with ceric ammonium
nitrate, the corresponding quinone boronic esters. A one-pot 3-component ruthe-
nium-catalyzed process between alkynylboronates, propargylic alcohols, and termi-
nal alkynes provides benzoboroxoles similar to 8 [262], whereas a recent cobalt-
catalyzed formal [4+2] cycloaddition leads to arylboronates after an elimination or a
chemoselective oxidative treatment that leaves the C—B bond intact (entry 23,
Table 1.3) [263].

1.3.1.6 Other Methods

An intriguing deaminoborylation of aniline was recently reported using benzoyl
peroxide [264]. This process can provide simple, monofunctionalized arylboron
pinacolates in variable yields (entry 24, Table 1.3).
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Figure 1.22 Selected examples of diboronic acids.

1.3.2
Diboronic Acids

The preparation of all three substitution patterns of benzenediboronic acid has been
reported (Figure 1.22). Although the preparation of the 1,4- and 1,3-benzenediboro-
nic acids 82 and 83 from the corresponding dibromides was well described
[186a,265], the preparation of the ortho-isomer 84 is more tedious [79, 266].
A number of other mono- and polycyclic aromatic diboronic acids such as
85[177], 86 [267], and the binaphthyl derivative 87 [268] were described. Tetraboronic
acid 6 (Figure 1.2) is a popular building block in materials chemistry (see Chapter 14).

133
Heterocyclic Boronic Acids

Heterocyclic aromatic boronic acids, in particular pyridinyl, pyrrolyl, indolyl, thienyl,
and furyl derivatives, are popular cross-coupling intermediates in natural product
synthesis and medicinal chemistry. The synthesis of heterocyclic boronic acids has
been reviewed in 2004 [269]. In general, these compounds can be synthesized using
methods similar to those described in the above section for arylboronic acids. Of
particular note, all three isomers of pyridineboronic acid have been described,
including protected forms of the unstable and hitherto elusive 2-substituted isomer,
notorious for its tendency to protodeboronate [41, 270]. Many 2-boronyl heteroarenes
are sensitive, but they can be stabilized significantly as MIDA adducts
(Section 1.2.3.3) [41]. Improvements and variants of the established methods for
synthesizing heterocyclic boronic acids have been constantly reported [12, 209].
For example, a Hg-B transmetalation procedure was employed to synthesize a
highly functionalized indolylboronic acid (entry 25, Table 1.3) [216]. Recent advances
in the preparation of nitrogen-containing heteroaromatic boronic acids and
esters include various thermal and catalyzed cycloadditions of alkynylboronates [271]
(entry 26).
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1.3.4
Alkenylboronic Acids

Alkenylboronic acids constitute another class of highly useful synthetic intermedi-
ates. They are particularly popular as partners in the Suzuki-Miyaura cross-coupling
reaction for the synthesis of dienes and other unsaturated units present in a large
number of natural products (see Section 1.5.3.1). Several methods are available for
the preparation of a wide range of alkenylboronic acids with different substitution
patterns. These approaches are summarized in a generic way in Figure 1.23 and are
described in the following sections.

1.3.4.1 Electrophilic Trapping of Alkenylmetal Intermediates with Borates
Alkenylboronic acids can be synthesized from reactive alkenylmetal species in a way
similar to that described above for arylboronic acids (Section 1.3.1.1.1) [272]. Typ-
ically, alkenyl bromides or iodides are treated sequentially with n-Buli and a borate
(entry 1, Table 1.4). A nonpolar trienylboronic acid was synthesized using this
approach [274]. As described in Section 1.2.2.2, small boronic acids tend to be highly
soluble in water and may be difficult to isolate when made using the traditional
approach involving an aqueous workup. In such cases, exemplified with the poly-
merization-prone ethyleneboronic acid prepared from vinylmagnesium bromide, it
has proved more convenient to rather isolate it as a dibutyl ester by extraction of the
acidic aqueous phase with butanol [275]. Alkoxy-functionalized butadienyl- and
styrenylboronic esters were synthesized from a,f3-unsaturated acetals by treatment
with Schlosser’s base and subsequent trapping with triisopropylborate (entry 2)
[276]. Both alkenyl- [277] and cycloalkenylboronates [278] can be made from ketones
using a Shapiro reaction with trapping of the alkenyllithium intermediate with a
borate (entry 3). Terminal 2-alkenylboronates (a-vinylboronates) are not easily
accessible, but a regioselective Ni-catalyzed approach to alkenylalanes followed by
borate trapping was recently reported (entry 4) [279].

1.3.4.2 Transmetalation Methods

The treatment of trialkylsilyl derivatives with boron halides described in
Section 1.3.1.2 is applicable to alkenyltrimethylsilanes [280]. It was employed as a
method for preparing ethylene boronic esters [281]. Recently, isomerically pure
tetrasubstituted alkenylboronic esters were synthesized by this approach, following
an esterification of the intermediate dichloroborane with pinacol (entry 5,
Table 1.4) [282]. trans-Alkenylboronic acids can also be synthesized from zirconocene
intermediates obtained from the hydrozirconation of terminal alkynes (entry 6) [283].

1.3.4.3 Transition Metal-Catalyzed Coupling between Alkenyl Halides/Triflates

and Diboronyl Reagents

Alkenyl halides and triflates are suitable substrates in the palladium-catalyzed
borylation reaction described for aromatic substrates in Section 1.3.1.3. In this
reaction, the geometry of the starting alkenyl halide is preserved in the product, and
several functionalities are tolerated in the substrate. At the outset, however, Miyaura
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1.3.4.1 Electrophilic trapping of alkenylmetal intermediates with borates
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Figure 1.23 Common methods for the synthesis of alkenylboronic acids (esters).
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and coworkers found that the conditions utilized for aryl halide substrates led
to low yields of the desired alkenylboronate due to competing reactions such as
the formation of homocoupled product of Suzuki cross-coupling [284]. To improve
the rate of transmetalation between the diboronyl reagent (B,Pin,) and the oxidative
addition Pd(II) intermediate, stronger bases were evaluated. In the optimal proce-
dure, potassium phenoxide was found to be the most effective base, with a less polar
solvent (toluene) than that used with aryl halides, and triphenylphosphine as ligand
in place of dppf. Alkenyl bromides and triflates were found to be superior over
iodides, and generally afforded good yields in the 70-90% range. The mildness of
these conditions opened up a rather impressive scope of suitable substrates [285],
including Z-alkenes (entry 7, Table 1.4), and both acyclic and cyclic ones with
functionalities such as alkyl halides, silyl-protected alcohols, and carboxylic esters
(entry 8) [286]. Pinacolborane was found to be effective in the borylation of alkenyl
halides under a new set of optimal conditions (entry 9) [287]. No competing
hydroboration was observed, but acyclic Z-configured substrates are inverted under
these reaction conditions. Likewise, borylation of alkenyltriflates within a pyran ring
can lead to isomerization to the corresponding allylboronate [287].

1.3.4.4 Hydroboration of Alkynes

1.3.4.4.1 Thermal cis-Hydroboration Since its discovery by Brown and Rao in
1956 [288], hydroboration chemistry has been a central reaction in the preparation
of organoboron compounds [289]. The cis-hydroboration of terminal alkynes pro-
vides ready access to trans-2-substituted alkenylboronic acids [290], and several
borane reagents have been used for this purpose (Figure 1.24). Unsymmetrical
internal alkynes usually give mixtures of regioisomeric alkenylboron compounds.
With terminal alkynes, however, the hydroboration is highly regioselective and adds
boron at the terminal carbon. Likewise, whereas small borane reagents tend to
undergo a double hydroboration with alkyne substrates, more hindered boranes
allow the hydroboration process to stop with ease after one addition, avoiding further
hydroboration of the desired product into a diboroalkane [290]. Thus, the bulky
dialkylborane reagents disiamylborane (88) [289], thexylborane (89) [291], dicyclo-
hexylborane (90) [292], and 9-BBN (91) [293] all react with terminal alkynes to provide

HBAY )2 : E b\)
H-B HB H—B HB 2
88 93
/\Y 91 ’X
H,B H—B
90 92 b
89 94 X =ClI
95 X =Br

Figure 1.24 Common hydroborating agents for alkynes.
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2-substituted dialkylalkenylboranes in a very high regioselectivity. The corresponding
alkenylboronic acid may be obtained after an appropriate oxidative workup, which is
generally performed with a mild and selective oxidant for the two sp® C—B bonds.
Toward this end, trimethylamine oxide was found most suitable [294], leaving not
only the alkenyl boron-carbon bond intact but also a selenide and a sulfide
substituent (entry 10, Table 1.4) [295]. In the hydrolysis of the resulting alkenylbor-
onate, the ensuing separation of the desired boronic acid from the alcohol by-product
originating from the oxidation of the dialkylborane is not always straightforward.
Hoffmann and Dresely described a procedure with dicyclohexylborane where the
boronic acid is esterified in situ as a pinacolate after the oxidation step and then
purified by distillation to eliminate the residual cyclohexanol [295]. This way, several
functionalized (E)-1-alkenylboronates were isolated, and it was found that the use of
DME, a polar coordinating solvent, was essential when using a propargylic ether as
substrate. For substrates that may be sensitive to the oxidative workup or to avoid the
cyclohexanol by-product, diisopinocampheylborane (92, Figure 1.24) [296] offers a
milder alternative. With this reagent, the alkyne is hydroborated and then subjected
to a gentle oxidative dealkylation using acetaldehyde to afford a diethyl alkenylboronic
ester along with 2 equiv of pinene [297-299]. The crude diethyl alkenylboronate can
be transesterified with diols such as pinacol to yield the corresponding pinacol ester,
which in most cases must be purified by distillation or chromatography. Although the
synthesis of several highly functionalized alkenylboronates was reported using this
method (entries 11 and 12), it is often difficult to completely eliminate the pinene by-
product by distillation. The newer reagent di(isopropylprenyl)borane, 93, was
described [300]. Much like reagent 92, it features a mild neutral workup with aqueous
formaldehyde or water (entry 13).

The use of 4,4,6-trimethyl-1,3,2-dioxaborinane (56, Figure 1.15) [157], catechol-
borane (57) [301], pinacolborane (58) [159], or the more reactive 1,3,2-dithiaborolane
(59) [161] provides the boronic acid derivative directly after a nonoxidative hydrolytic
workup. Yet, these methods are not without disadvantages. Dialkoxyboranes are less
reactive than the dialkylboranes described above. For example, alkyne hydroborations
with catecholborane are often performed at temperatures as high as 100 °C, whereas
dialkylboranes such as Cy,BH were found to catalyze these hydroborations at
ambient temperature [302]. Although catecholborane was employed with highly
functionalized substrates [303], it was reported that it does not tolerate acetal or
ether functionalities at the propargylic carbon [295, 298], and the acidic catechol
released in the aqueous workup needs to be neutralized and removed from the
mixture (entry 14). By producing the robust pinacolate ester in a single operation,
the use of pinacolborane (58) is quite advantageous, although the addition also
tends to be sluggish (entry 15). Dibromoborane (95, Figure 1.24), in the form of a
methyl sulfide complex, conveniently gives access to 1-alkenylboronic acids bearing
alkyl or aryl substituents at the 2-position following alcoholysis of the intermediate
alkenyldibromoborane [304]. Several other functionalities, however, are not well
tolerated by this reagent. The related dichloroborane (94) was found to undergo a
regioselective hydroboration with silylacetylenes, giving the (E)-1-trimethylsilyl-1-
alkenylboronic ester after methanolysis (entry 16) [305]. Dichloroborane is difficult to
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handle, but a simple variant presumed to generate it in situ by reaction of trimethyl-
silane with boron trichloride was also shown to hydroborate alkynes [306].
Alternatively, a more recent report demonstrated the suitability of the stable and
commercially available Cl,BH-dioxane complex for the preparation of 1-alkenyl-
boronic acids [307].

1.3.4.4.2 Indirect trans-Hydroboration Using Alkynyl Bromides All the above hydro-
boration methods provide terminal trans-alkenylboronic acids by a highly regiose-
lective syn-addition of the B—H bond across the terminal alkyne. To provide the cis-
alkenylboronicacids, Brown and Imai developed an ingenious two-step method based
on the regioselective hydroboration of bromoalkynes with dibromoborane
(Figure 1.23) [308]. In this procedure, the resulting (Z)-1-bromo-alkenyldibromobor-
anes are transformed into the corresponding esters through simple alcoholysis.
The isolated boronates are then treated with potassium triisopropoxyborohydride
(KIPBH) to effect a stereospecific bromide substitution by inversion of configuration,
thereby affording the cis-alkenylboronic esters. Although dibromoborane presents
alimited scope of chemoselectivity, KIPBH is relatively mild. For example, ittoleratesa
primaryalkyl chloride onthe substrate (entry 17, Table 1.4). Furthermore, an extension
of this approach employing organolithium or Grignard reagents in place of
KIPBH leads to the stereoselective preparation of (E)-1-substituted-1-alkenylboronic
esters that could not be obtained via the hydroboration of alkynes [309]. Recently,
a similar nucleophilic substitution mechanism has also been proposed in a new
method involving the addition of alkenyllithium intermediates to the diboronyl
reagent B,pin, or the related dimethylphenylsilyl(pinacolato)borane [310].
In this reaction, which accomplishes a geminal difunctionalization of formal
alkenylidene-type carbenoids, 1,1-diboronylalkenes or 1-silyl-1-alkenylboronates are
produced (entry 18).

1.3.4.4.3 Transition Metal-Catalyzed cis-Hydroboration Since the discovery of the
rhodium-catalyzed hydroboration of alkenes by Minnig and Néth in 1985 [311], the
application of this method to alkynes has generally not provided satisfactory
results [312]. He and Hartwig, however, found that dicarbonyltitanocene effectively
catalyzes the hydroboration of alkynes with catecholborane without the contamina-
tion of by-products of catecholborane decomposition usually observed under rho-
dium catalysis (entry 19, Table 1.4) [313]. By taking advantage of the superior stability
of pinacolborane over catecholborane, Pereira and Srebnik developed a very conve-
nient zirconocene-catalyzed procedure for the pinacolboration of terminal alkynes
(entry 20) [314]. This method, which features lower reaction temperature and times
compared to the noncatalyzed variant of Knochel and coworkers [159], provides the
(E)-1-alkenylboronates as their convenient pinacolate ester in high yields and
high regioselectivity. A modified procedure affords improved E/Z selectivities with
oxygen-containing alkynes [315], and the efficient use of reagent 56 was also
reported [316]. Other transition metal catalysts such as Rh(CO)(Ph;P),Cl and
NiCp(Ph;P)Cl were also found to be effective in conjunction with pinacolborane
as the hydroboration agent [317]. Like the noncatalyzed hydroboration, internal
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alkynes tend to give mixtures of regioisomers. Using thioalkynes, however, a nickel-
catalyzed catecholboration method provides 2-alkylthio-1-alkenylboronates in a high
regioselectivity [318]. A copper hydride-catalyzed copper—to—boron transmetalation
procedure with pinacolborane affords 1-carboalkoxy alkenylboronates regioselec-
tively (entry 21) [319].

A Pd(PPh;),-catalyzed catecholboration of an enyne afforded an allenylboro-
nate [320]. Miyaura and coworkers also reported the Pt(dba),-catalyzed pinacolbora-
tion of terminal allenes, and the regioselectivity was found to be highly dependent on
the nature of the added phosphine ligand [321]. For example, whereas the bulky tris
(2,4,6-trimethoxyphenyl)phosphine often led to substantial amounts of the external
Markovnikov product, the use of tris(t-butylphosphine) provided the internal hydro-
boration product as single isomer (entry 22, Table 1.4). It is noteworthy that the
resulting 1-substituted-1-alkenylboronate is not accessible regioselectively using the
uncatalyzed hydroboration of terminal allenes or terminal alkynes.

1.3.4.4.4 Rhodium- and Iridium-Catalyzed trans-Hydroboration Direct alkyne hydro-
boration methods, whether catalyzed or not, afford trans-alkenylboronic acids by a
highly regioselective syn-addition of the reagent’'s B—H bond across the terminal
alkyne. The indirect Brown method to effect formal trans-hydroboration
(Section 1.3.4.4.2) is limited by the need for a bromoalkyne and the harshness of
the dibromoborane reagent employed. To fill this important methodological void and
allow a direct and mild formation of cis-alkenylboronic acids, a true “trans-hydro-
boration” method was developed by Miyaura and coworkers. It was found that the
hydroboration of alkynes with either catecholborane or pinacolborane in the presence
of triethylamine and catalytic amounts of rhodium or iridium phosphine complex
provides good to high yields of (Z)-1-alkenylboronic esters in a very high selectivity
(entry 23, Table 1.4) [322]. Interestingly, deuterium labeling experiments showed that
the cis-hydrogen substituent does not originate from the borane, it comes from the
terminal alkyne instead. Based on this information, a mechanism involving migra-
tion of the acetylenic hydrogen and proceeding through a metal-vinylidene complex
was proposed [322] to explain the selectivity of this unique “trans-hydroboration”
method that has been employed in complex natural product synthesis [323].

1.3.4.5 Alkene Metathesis

Recently, the advent of efficient catalysts for alkene metathesis has opened up new
opportunities for the synthesis of alkenylboronic acids. For example, it was shown
that ring-closing metathesis of dienylboronic acids provides cyclic alkenylboronic
acids that would be difficult to obtain otherwise [324]. Chemoselectivity in cross-
metathesis chemistry is a significant issue that tends to pose strict limits to the
synthesis of acyclic alkenes using these novel catalysts [325]. With most terminal
alkenes, mixtures of disubstituted alkene products are obtained, and often with a low
E/Z selectivity. Exceptionally, a number of alkene substrates are prone to undergo
a highly chemoselective cross-metathesis with other terminal alkenes [325].
Fortunately, ethylene and 1-propenyl pinacol boronic esters rank among those
favorable partners [326, 327]. Morrill and Grubbs discovered that they undergo
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aclean cross-metathesis with terminal alkenes, catalyzed by a ruthenium alkylidene, to
provide the (E)-1-alkenylboronic ester in high selectivity (entry 24, Table 1.4) [327]. This
methodology was tested in the synthesis of complex molecules such as epothilone
analogues [328]. Ene-yne metathesis reactions based on alkynylboronic ester annu-
lation strategies provide polysubstituted 2-butadienyl boronic esters [329, 330].

1.3.4.6 Diboronylation and Silaboration of Unsaturated Compounds

Diboronyl reagents such as B,pin, (63) can be employed in various ways to access
mono- or diboronyl alkenes depending on the reaction conditions [249]. Marder and
coworkers developed a dehydrogenative borylation of vinylarenes to access 2,2-
disubstituted-1-alkenylboronates that are not accessible by standard alkyne hydro-
boration chemistry [331]. By using the catalyst precursor RhCl(CO)(PPhs), and
B,pin, or B,neop,, the authors found conditions that prevent any significant
competitive hydrogenation or hydroboration of the product. For example, (E)-Ph
(Me)C=CH|(Bpin) was obtained from a-methylstyrene in high yield and high
geometrical selectivity (entry 25, Table 1.4). A mechanism that accounts for the
beneficial role of acetonitrile as cosolvent was proposed. Diboronyl compounds add
onto terminal and internal alkynes under platinum catalysis to provide cis-1,2-
diboronylalkenes [332]. For example, Pt(PPhs), catalyzes the addition of bis(pina-
colato)diboron (63) to 1-decyne, affording the corresponding alkenylbisboronate
(entry 26, Table 1.4). Several other metal complexes tested, including palladium,
rhodium and nickel complexes failed to promote the same reaction. Recently, the use
of reagent 64 (Figure 1.16) was found to give high selectivities for the Bpin group on
the internal position (entry 27) [165]. Mechanistically, these reactions’ catalytic cycle is
thought to be initiated by the oxidative addition of Pt(0) into the B—B bond, followed
by a cis-boro-platination of the alkyne, and the cycle is terminated by the reductive
elimination of the alkenyl-Pt(II)-Bpin unit to regenerate the Pt(O) catalyst [333].
Allenes also react similarly (entry 28) [334]. In a related process, B,pin, was found to
add to terminal alkynes at room temperature in the presence of stoichiometric copper
(I) chloride and potassium acetate as the base [335]. It was proposed that a
boron—copper transmetalation is involved, giving a putative boryl-copper species
(CuBpin). The reaction provides a variable ratio of 1-boronyl and 2-boronyl alkenes
depending on the additive employed, which can either be a phosphine or LiCl (entry
29). With a,B-ethylenic esters, Z-configured -boronyl enoates are obtained [336]
(entry 30), thus complementing the above formal hydroboration approach [299].
Murakami and coworkers reported a palladium-catalyzed silaboronation of allenes,
affording 2-boronyl-allylsilanes [337]. The same group also described a palladium-
and nickel-catalyzed intramolecular cyanoboronation of homopropargylic alkynes
[338]. An interesting nickel-catalyzed borylative coupling of alkynes and enones
provides tri- and tetrasubstituted alkenylboronates (entry 31) [339]. Many more
diboronylation and silaboration processes have been developed and are described
in detail in Chapter 3. It should be noted that unlike the direct aromatic borylations
discussed in Section 1.3.1.4, direct transition metal-catalyzed borylations of alkenes’
C—H bonds with diboronyl reagents are complicated by competitive allylic
borylation [340].
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1.3.4.7 Other Methods

The conceptually simple, photochemical E-Z isomerization of double bonds is notan
efficient approach for accessing geometrically pure alkenylboronic esters [305, 309b].
Alkynylboronic esters, however, are very useful precursors of alkenylboronates. For
instance, they can be selectively hydrogenated over Lindlar’s catalyst with 1,4-dioxane
as the optimal solvent for providing (Z)-1-alkenylboronates with stereochemical
purity over 95% (entry 32, Table 1.4) [341]. Likewise, highly pure (Z)-1-alkenylboron
pinacolates were isolated from the corresponding alkynylboronates and from
a sequence of regioselective hydrozirconation and aqueous protonolysis
(entry 33) [342]. A similar hydroboration/protodeboronation approach was recently
reported, giving functionalized (Z)-1-alkenylboronates (entry 34) [343]. In the past
few years, various transition metal-catalyzed alkylative insertions and cycloadditions
of alkynylboronates [344] and allenylboron pinacolate [345] have emerged, affording
tri- and tetrasubstituted alkenylboronates usually with limited scope.

Addition of a a-silylallylboronate to aldehydes gives 4-alkoxy (E)-1-alkenylboro-
nates [346]. Matteson and Majumdar have reported a Peterson-type olefination of the
anion derived from an a-trimethylsilylmethylboronic ester (LiCH (SiMe;)Bpin) [347].
Addition of the latter onto aldehydes provided the corresponding alkenylboronic
ester as a mixture of geometrical isomers (~70: 30 Z/E). No further optimization was
reported toward controlling the E/Z selectivity in this potentially useful and unique
method for synthesizing alkenylboronic esters from aldehydes. The corresponding
lithiomethylenediboronic esters tend to provide mixtures favoring the E-isomer
(entry 35)[348, 349], and this approach to access alkenylboronic acids from aldehydes
was employed in the total syntheses of natural products such as palytoxin [350] and
the macrolide antibiotic rutamycin B [351]. An extension of this method using
lithium 2,2,6,6-tetramethylpiperazide (LTMP) as base and ketones as electrophiles
produces tetrasubstituted alkenylboronates (entry 36) [352]. A variant of the tradi-
tional Takai reaction using Cl,CHBpin provides trans-1-alkenylboronic esters from
aldehydes [353], and this procedure was recently employed in a synthesis of quinine
(entry 37) [354]. The pinacol and 2-methyl-2,4-pentanediol esters of ethylene boronic
acid are efficient substrates for Heck couplings with aryl and alkenyl halides, giving 2-
aryl- and 2-butadienylboronates, respectively, with minimal side product from
Suzuki-Miyaura cross-coupling (entry 38) [355]. A radical promoted variant employs
xanthates to produce 3-oxo-(E)-1-alkenylboronates in low yields [356]. To access 2,2-
disubstituted-1-alkenylboranes, a two-step sequence of bromoboration/Negishi cou-
pling was described [357]. Advances in the Pd-catalyzed intramolecular carbobora-
tion of alkynes give access to tetrasubstituted alkenylboronates [358]. The synthesis of
alkenylboronates using other types of additions and cycloadditions to alkynylbor-
onates is described elsewhere (Chapter 3) [258, 359].

1.3.5
Alkynylboronic Acids

Like their aryl and alkenyl counterparts, alkynylboronic acids can be made by
displacement of magnesium or lithium acetylides with borate esters. For example,
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Matteson and Peacock described the preparation of dibutyl acetyleneboronate from
ethynylmagnesium bromide and methyl borate [360]. It was observed that the C—B
linkage is stable in neutral or acidic hydroxylic solvents, but readily hydrolyzes in
basic media such as aqueous sodium bicarbonate. Brown and coworkers eventually
applied their organolithium procedure toward the preparation of alkynylboronic
esters, and in this way provided a fairly general access to this class of compounds [361].

13.6
Alkylboronic Acids

Compared to aryl- and alkenylboronic acids, alkylboronic acids and esters have not
found widespread use as synthetic intermediates aside for their oxidation into
alcohols (Section 1.5.2.1). This is due in part to their limited shelf stability. In
addition, their transmetalation with transition metal catalysts such as palladium is
presumed to be more difficult compared to unsaturated and aromatic boronic acid
derivatives [362]. For example, alkylboronic acids have long been known to be
reluctant substrates in the Suzuki-Miyaura cross-coupling reaction, and they have
become suitable only very recently with the use of special bases and the advent of new
and highly active catalyst systems (Section 1.5.3.1 and Chapter 4). Arguably, the most
synthetically useful class of alkylboronic acids are the a-haloalkyl derivatives pop-
ularized by Matteson (Section 1.3.8.4). Specifically, the Matteson asymmetric homol-
ogation of a-haloalkylboronic esters provides a general access to functionalized,
chiral alkylboronic esters in high enantioselectivities. Recent applications of this
elegant chemistry and variants thereof are also described in Chapter 10.
Alkylboronic acids and esters can also be synthesized from the trapping of
organomagnesium and organolithium intermediates with borates. Methylboronic
esters, for example, are made using the condensation of methyllithium and
triisopropylborate [207]. Likewise, the useful a-chloromethylboronate reagents 96
(Figure 1.25) can be made with the in situ trapping variant whereby butyllithium is
added to a mixture of ICH,Cl and triisopropylborate [363]. The corresponding
bromide (97) [364] and iodides (98) [365] were also reported. Recently, a method
for the preparation of benzylic boronates was devised using a catalytic amount of
magnesium [366]. Both catalyzed and uncatalyzed hydroboration of alkenes serve as
powerful methods to access enantiopure alkylboronic esters. Because a selective
oxidation of two of the resulting three B—C bonds following hydroboration with
dialkylboranes is difficult, a hydroboration route to alkylboronic acids and esters
is limited to reagents such as ipc,BH (92), dihaloboranes, and dialkoxyboranes
(e.g., catechol- and pinacolborane). The asymmetric hydroboration of alkenes with
ipc,BH or ipcBH, (Equation 1.35, Figure 1.25) [367, 368], or using chiral rhodium
catalysts [369, 370], constitutes well-established routes to access chiral alkylboronic
esters or the corresponding alcohols or amines after a stereospecific oxidation of
the B—C bond (Sections 1.5.2.1 and 1.5.2.2). A remarkable NHC-Cu(I)-catalyzed
formal hydroboration of aryl-substituted alkenes was recently reported (Equation
1.36) [371]. Chiral cyclopropylboronic esters were obtained by catalytic enantiose-
lective pinacolboration of cyclopropenes (Equation 1.37) [372], and other methods to
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Figure 1.25 Alkylboronic acids (esters): selected examples of enantioselective preparative

methods.
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access vinylcyclopropylboronic esters are known [373]. Enantiomerically enriched
alkylboronic esters can also be obtained through less common methods such as the
hydrogenation of chiral alkenylboronic esters [374] and even with enantioselective
variants using chiral catalysts (Equation 1.38) [375a]. Though not a general method,
alkylboronic acids have also been isolated via a regioselective rthenium-catalyzed
C—H activation/boronylation reaction (Equation 1.39) [250b]. Several other
transition metal-catalyzed mono- and diboration reactions of aldehydes [376], unac-
tivated alkenes [377], alkynes, [378], and dienes [379] provide new ways to chiral
alkylboronic esters. The transition metal-catalyzed asymmetric conjugate borylation
of a,p-unsaturated carbonyl compounds [380] delivers alkylboronates with high
enantioselectivities (Equation 1.40) [381]. Recently, metal-free, carbene-catalyzed
and chiral phosphine-catalyzed variants have appeared [382]. An efficient alternative
is the asymmetric conjugate addition to B-boronyl acceptors (Equation 1.40) [383].

1.3.7
Allylic Boronic Acids

Because of their tremendous utility as carbonyl and imine allylation agents
(Section 1.5.3.6 and Chapter 8), several methodologies have been developed for
synthesizing allylic boronic acids and their various esters. The preparation and
reactions of allylboronic esters have been reviewed in the past 5 years [384], but new
methods appear constantly, including asymmetric variants [385]. Among others,
metal-catalyzed diborylation of allylic electrophiles, including free alcohols (Equation
1.41) [386], and even direct allylic borylation of alkenes [340] provide mild approaches
to allylic boronates. Recently, efficient methods to produce a-substituted allylic
boronates using catalytic regio- and stereoselective hydroborations of 1,3-dienes
have appeared [387].

1.3.8
Chemoselective Transformations of Compounds Containing a Boronic Acid (Ester)
Substituent

New boronic acid derivatives can be made by the derivatization of compounds that
already contain a boronic acid (ester) functionality. The scope of possible transforma-
tions, however, relies on the compatibility of these reaction conditions with the
boronate group and, in particular, on the oxidatively labile C—B bond. One seminal
example that best illustrates the limitations imposed by the intrinsic reactivity of
boronic acids is that of a-aminoalkylboronic acids, the boron analogues of amino
acids (Section 1.3.8.4) [388]. The synthesis of these important derivatives remained
an elusive goal for several years. The reason for the instability of compounds of type
99 is the incompatibility of free a-amino groups possessing hydrogen substituents,
which undergo a spontaneous 1,3-rearrangement to give the homologated amine 101
following hydrolysis of the transposed intermediate 100 (Equation 1.42) [124]. It was
eventually found that this undesired process could be prevented through a rapid
acylation of the amino group or its neutralization as a salt [124]. This undesirable
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rearrangement was later exploited in a method for mono-N-methylation of primary
amines [389]. Also of note is the lability of alkylboronic acids with a leaving group in
the B-position, which, as exemplified with the formation of ethylene by debromo-
boronation of 2-bromoethaneboronic acid, are unstable under basic conditions [390].
A review by Matteson provides a detailed overview of the chemical compatibility of
boronic acids and esters, and can undoubtedly be of great advice for evading trouble
when derivatizing a boronic acid-containing compound [391]. Therefore, only
selected examples of boronate-compatible transformations will be discussed in the
following sections. It is noteworthy that accrued information on the chemical
compatibility of free boronic acids has recently made it possible to perform multistep
syntheses on boronic acid-containing compounds. This is realized in conjunction
with a new liquid-liquid, pH-driven phase switching strategy employing sorbitol as a
phase transfer agent [392]. For example, the antilipidemic drug ezetimibe (102) was
synthesized in five steps from p-boronobenzaldehyde, making use of ubiquitous
transformations such as [2 + 2] cycloaddition, cross-metathesis, and hydrogenation
without a need for chromatographic purifications of intermediates up until the final
productive detagging operation that unmasked the desired phenol via C—B bond
oxidation (Figure 1.26) [392].

OR' OR!
R _B B
Y OR —— RN ToR ——= RN (1.42)
H
NH,
99 100 101

1.3.8.1 Oxidative Methods

The sensitivity of the B—C bond of boronic acids and esters to oxidation was discussed
in Section 1.2.2.5.2. Although basic hydrogen peroxide and other strong oxidants
rapidly oxidize B—C bonds, a certain degree of selectivity is possible. For example,
sulfide and alcohol functionalities can be selectively oxidized without affecting a
pinacol boronate (Equations 1.43 and 1.44, Figure 1.27) [295]. The reagent 2-
iodoxybenzoic acid (IBX) oxidizes alcohols selectively on substrates containing a
free arylboronic acid moiety [392]. On the other hand, the epoxidation of alkenyl-
boronic esters is known to fail, but it can be achieved indirectly from trifluoroborate
salts (Equation 1.32, Figure 1.19) [197]. The permanganate oxidation method is
commonly employed to access carboxy-substituted arylboronic acids from methyl-
substituted precursors [393]. Radical bromination of methyl-substituted arylboronic
acids provides a route to the corresponding hydroxymethyl and formyl derivatives
(Equations 1.45 and 1.46) [184]. The bromination of p-tolylboronic acid, followed by
alkylation of acetaminomalonic ester, hydrolysis, and decarboxylation, affords 4-bor-
ono-phenylalanine [184].

1.3.8.2 Reductive Methods
Care must be taken in using strong hydride reagents as they can transform boronic
esters into dihydridoboranes (Section 1.2.3.7). A subsequent hydrolysis, however,
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Figure1.26 Chemoselective, multistep phase switch synthesis of ezetimibe using boronicacid as a
phase tag.

can restore the boronic acid. DIBALH reduced a carboxyester selectively on a
substrate containing a free arylboronic acid moiety [392]. Catalytic hydrogenation
methods appear to be quite compatible with boronate groups and even with
free boronic acids, as shown by the examples of Figure 1.26 and Figure 1.28
(Equations 1.47 and 1.48) [394, 395].
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Figure 1.27 Chemoselective oxidation reactions involving boronic acid derivatives.
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Figure 1.28 Chemoselective reduction reactions involving boronic acid derivatives.

1.3.8.3 Generation and Reactions of a-Boronyl-Substituted Carbanions and Radicals

Carbanions adjacent to a boronate group can be generated by two general approaches:
direct deprotonation, or metalation by replacement of an a-substituent. Direct
deprotonation of simple alkylboronic esters like 2,4,4,5,5-pentamethyl-1,3,2-dioxa-
borolane (103 with (RO), =OCMe,CMe,0, Equation 1.49 in Figure 1.29) is not
possible even with strong bases like LDA or lithium 2,2,6,6-tetramethylpiperidide
(LiTMP) [349]. An activating group must be present next to the boronate, and it has
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Figure 1.29 Formation and reactions of boronyl-substituted carbanions.

been shown that phenyl [349], thioether [396], trimethylsilyl [347, 397], triphenylpho-
sphonium [397], and another boronate group [349] are all suitable in this role
(104-107, Equation 1.49). Relatively hindered bases and a large boronic ester are
preferable in order to favor C—H abstraction over the formation of a B—N ate adduct.
For example, the carbanion of bis(1,3,2-dioxaborin-2-yl)methane (107 with (RO), =0
(CH,)30) can be generated by treatment with LiTMP (1 equiv) and 1 equiv of the
additive tetramethylethylenediamine (TMEDA) in tetrahydrofuran (—78 to 0 °C) [349].
Some of these species can be alkylated efficiently with primary halides and tosylates.
Propanediol bisboronate 107 ((RO), = O(CH,)30) and the useful a-phenylthio deriv-
ative 108, deprotonated with LDA, can even be alkylated twice in a sequential manner
(Equation 1.50) [396]. The anion of 108 was also reacted with epoxides and lactones,
and more recently it was used in the synthesis of functionalized boronic acid
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analogues of a-amino acids [398]. The carbanions of gem-diboronic esters 107 and
o-trimethylsilyl pinacolboronate (106 with (RO), = O(CH,);0) undergo other trans-
formations and also behave as substituted Wittig-like reagents by adding to aldehydes
or ketones to provide alkenylboronates (e.g., entries 35 and 36, Table 1.4) [348], which
can also be oxidized and hydrolyzed to provide the homologated aldehydes [348, 399].
One drawback to the use of 107 is its low-yielding preparation. The corresponding
carbanion can also be accessed by reaction of tris(dialkoxyboryl)methanes with an
alkyllithium, but this approach lacks generality [400]. Substituted gem-diboronates can
be made via a sequential hydroboration of 1-alkynes [401], and their anions are
generated by treatment with LITMP (see entry 36, Table 1.4, for addition to ketones). It
has been suggested that bis(1,3,2-dioxaborin-2-yl)methane (107 with (RO),=0O
(CH,);0) is slightly more acidic than triphenylmethane (pK, 30.6 in DMSO) [349],
which confirms the rather weak stabilizing effect of a boronate group compared to a
carboxyester (pK, of dimethylmalonate ~13). The calculation of Huckel delocalization
energies confirmed that a boronate group is indeed slightly more stabilizing than a
phenyl group (pK, of diphenylmethane = 32.6 in DMSO), and the calculation of B—C
pi-bond orders indicated a very high degree of B—C conjugation in the carbanion [349].
This suggestion appears to be in contradiction with the apparently modest degree of
B—C pi-overlap in alkenyl and aryl boronates discussed in Section 1.2.2.1; however,
those cases concern neutral species.

Other methods for the generation of o-boronyl carbanions include transmetala-
tions such as the lithiation of an a-trimethylstannyl derivative (Equation 1.51,
Figure 1.29) [402] and the formation of the corresponding organozinc or organo-
copper species from a-bromo or o-iodo alkylboronates (Equation 1.52) [403]. In the
latter example, the mildness of the zinc and copper organometallic intermediates
expands the range of compatible functional groups compared to the corresponding
organolithium intermediates described above. Thus, reagents 109 and 110, even with
a carboxyester-containing side chain as R' substituent, were reacted with a variety of
electrophiles such as allylic halides, aldehydes, and Michael acceptors in good to
excellent yields (Equation 1.52) [403]. Likewise, the related sp” 1,1-bimetallics can be
generated from 1-iodoalkenylboronic pinacol esters albeit with loss of stereochemical
integrity of the olefin geometry (Equation 1.53) [404]. In one example, the Negishi
coupling of a 1-iodozincalkenylboronate with an alkenyl iodide partner led to the
formation of a 2-boronylbutadiene.

1.3.8.4 Reactions of a-Haloalkylboronic Esters

One of the most powerful methods for modifying alkylboronic esters involves
the nucleophilic attack and 1,2-rearrangement on a-haloalkylboronic esters (111)
(Figure 1.30). The addition of organometallic species to these boronic esters induces
a facile boron-promoted displacement (Equation 1.54). Heteroatom-containing
nucleophiles as well as organometallic reagents can be employed in this substitution
reaction. Conversely, the addition of a-haloalkyl carbanions to alkyl- and alkenyl-
boronic esters leads to the same type of intermediates and constitutes a formal one-
carbon homologation of boronic esters (Equation 1.55). Sulfides from the addition of
carbanions of o-thioethers can also undergo this rearrangement in the presence of
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Figure 1.30 Substitution reactions of a-haloalkylboronic esters.

mercuric salts [405]. A very efficient asymmetric variant of this chemistry was
developed to allow the synthesis of chiral a-chloroalkylboronates, which can further
undergo substitution reactions with a broad range of nucleophiles [406]. These
o-chloroboronates are obtained in very high enantiomeric purity through the
Matteson asymmetric homologation reaction, which features the ZnCl,-promoted
addition of dichloromethyllithium to the boronates of pinanediol and certain C2-
symmetrical 1,2-diols. This elegant methodology was used in the synthesis of
complex natural products, and is at the cornerstone of the design and preparation of
o-acylaminoalkylboronic acid enzyme inhibitors. As exemplified with the synthesis
0f 112 (Scheme 1.2), a-aminoalkylboronic esters are obtained via the displacement
of a-chloroalkylboronates with hexamethyldisilazide anion. This example also
emphasizes the powerful neighboring group effect of boron, which allows selec-
tivity in the addition of Cl,CHLI in the presence of a primary alkyl bromide [407].
More recently, this chemistry was applied to Hoppe’s chiral lithiated carbamates
(X =0OCONMe,; in Equation 1.55) [408], and the applications of these methods in
stereoselective synthesis are described in detail in Chapter 10.

H
5 1. CBH, 100 °C 0 CHCI,Li, ZnCl,
I - —_—
N ) . — Br\/\/B\o
2. pinanediol, THF THF, —100 °C
(60%)
H H
1. KHMDS, THF
BIO —20°Ctort,18 h BIO
Br/\/\:/ ~0 . > B ~0
H 2. HCl-dioxane
Cl NHCl
(98% de) 112 (53%)

Scheme 1.2 Application of the Matteson asymmetric homologation to the synthesis of a chiral
a-aminoboronic ester.
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1.3.8.5 Other Transformations

Several other reactions can be performed on free boronic acid compounds and the
corresponding esters while preserving the boronyl group. The nitration of free
arylboronic acids under fuming nitric acid and concentrated sulfuric acid has been
known since the 1930s [70]. The use of low temperatures (e.g., Equation 1.56,
Figure 1.31) is recommended in order to minimize protodeboronation
(Section 1.2.2.5.3) [395, 409]. Other successful transformations of arylboronic acids
that preserve the boronyl group include diazotization/hydrolysis [203], bromina-
tion [410], iodination (Equation 1.57) [411], and nucleophilic aromatic substitu-
tions [203]. Pinacol arylboronates can be halogenated using a gold-catalyzed halo-
genation with halosuccinimides [412]. In the context of developing the phase switch
synthesis concept already described (Section 1.3.8), reactions such as reductions,
oxidations, amidations, Wittig olefinations, cross-metathesis, and others were also
found to be compatible with boronic acids [392]. Azide-alkyne cycloadditions require

AcNH AcNH
HNO3
—45°C
NO,
(70%) (4:1 p-/o-)

I (1.0 equiv) I ?H
OH AgoSO04 (1.1 equw) B‘OH (1.57)
MeO,C EtOH, 25 °C MGOQC
Me 3-15 min OMe (57%)
i. i-PrMgCl - LiCl
THF, =78 °C A (1.58)
— n —
pinB N il X pinB N
OTs OTs  (91%)
(0] 1. Me3SiOK, THF o}
2. HCl/ether, 20 °C
eo)]\/\apin - Ho)l\/\spin (1.59)
(79%)

1.S0Cly, 0°C (91%) N
> _C* v/\Bpin
2.TMSNG, CH,Cle, 20°C O (9505

3. toluene, 90 °C, 2 h

Figure 1.31 Other chemoselective reactions compatible with boronic acid derivatives.
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a copper catalyst that may insert into the B—C bond of arylboronic acids, but the
addition of fluoride anion provides in situ protection [413]. Unless a special
protecting group is employed, metalations of halides in the presence of a boronic
acid or the corresponding pinacol esters are difficult due to the electrophilic
properties of the boron atom [414]. Exceptionally, pinacol arylboronates containing
an iodo substituent can undergo a successful iodine-magnesium exchange under
conditions developed by Baron and Knochel, followed by electrophilic trapping
(Equation 1.58) [415].

Schrock carbene formation is compatible with arylboronates [92], and radical
additions to allyl or vinylboronates provide useful, functionalized alkylboronic
esters [416]. Some alkenylboronates can be isomerized to allylboronates in high
yields under Ru or Ir catalysis [417]. Pinacol alkenylboronates are robust enough to
tolerate a number of transformations such as ester hydrolysis and a Curtius
rearrangement (Equation 1.59, Figure 1.31) [418]. Various addition and cycloaddition
chemistry of alkenyl- and alkenylboronic acid derivatives are possible, including
radical additions, cyclopropanation, and [4 + 2] cycloadditions [258, 359]. Interest-
ingly, pinacol aryl- and alkenylboronates containing a racemic secondary alcohol can
be resolved using a lipase enzyme [419)].

Alkylboronic esters can also tolerate a wide range of conditions, and problems, if
any, are usually encountered in the purification steps rather than with the actual
chemistry. The synthesis of 2-amino-3-boronopropionic acid, the boronic acid
analogue of aspartic acid (113, Scheme 1.3), which included reactions such as
carbethoxyester hydrolysis, a Curtius rearrangement, and hydrogenolysis, con-
vincingly illustrates the range of possibilities [420]. Unlike the a-aminoalkylboro-
nic acids, homologous (3-amino) compound 113 is stable and is thought to exist as
an internal chelate or a chelated dimer in aqueous solution. Likewise, the lithium

+
O
COEt K o
i o (EtO2C)2CHNa me\)\z KOH p|nB/\;/(
—_— —
\/ CO,Et CO,Et
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Scheme 1.3  Synthesis of 113, the boronic acid analogue of aspartic acid.

Al



72

1 Structure, Properties, and Preparation of Boronic Acid Derivatives

enolate of 3-oxo alkylboron pinacolates can be formed with LDA and exists in a Z
chelated form [421].

1.3.8.6 Protection of Boronic Acids for Orthogonal Transformations

There are situations where free boronic acids and standard boronic esters such as
pinacolates are not suitable to permit orthogonal reactivity. In situ protection of
pinacol esters with alkoxide ligands can be helpful [418c], but permanent protection is
a more general strategy. Toward this end, derivatives such as the large ester 42,
diethanolamine adducts 43, trifluoroborate salts [194], N-methyldiaminoacetate
(MIDA) 55 [156], and 1,8-diaminonaphthalene (dan) adducts 66 [171] have been
developed (Figure 1.32). As shown in Equation 1.60 (Figure 1.33), the scope of
compatible transformations can be further increased with the help of a bulky
boronate ester to effectively protect the susceptible boron center in oxidations,
reductions, and other reactions [120]. These boronates tolerate additions of organo-
metallics onto aldehydes [422], where they can induce stereoselectivity and can also
serve in the preparation of cyclopropylboronates [120c]. Boronates 42, however, are
difficult to cleave and are rather removed through a C—B bond transformation.
Protection of the boronyl group as a diethanolamine ester allows a clean bromine/
lithium exchange [423], which was used in the preparation of para- and meta-
chlorosulfonyl arylboronic acids after trapping with sulfur dioxide (Equation 1.61,
Figure 1.33) [423Db]. Direct deprotonation of polyfluorinated arylboronic diethano-
lamine esters was reported [424]. Trifluoroborate salts are tolerant of a wide variety of
transformations (see Section 1.2.3.8 and Chapter 11). Likewise, aryl and alkenyl
MIDA boronates described in Section 1.2.3.3 can tolerate a wide complement of
transformations and can even be carried out through multistep syntheses [425],
although their main use is as masking groups in cross-coupling chemistry (Equa-
tion 1.62) [426]. Both MIDA boronates 55 [155, 426] and the 1,8-diaminonaphthalene
adducts 66 [171, 427] have been employed successfully in iterative cross-
coupling strategies to assemble oligoarenes (Scheme 1.4). A derivative of 66 may
be used as an ortho-directing group for transition metal-catalyzed C—H activation/
silylation [428].

Ph_ Ph Ph  ph H .
o N F —|
MeO OMe NP
~-B~0 -
O‘B’O ° | Mlm

0-8~
| |
55 66

Figure 1.32 Common protecting and masking groups for boronic acids.
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Figure 1.33 Examples of selective transformations on protected boronic acids.
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1.4
Isolation and Characterization

As discussed in Section 1.2.2.2, the polar (and often amphiphilic) character of boronic
acids tends to make their isolation and purification a difficult task. In some cases,
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nonpolar organic solvents may be used to precipitate small boronicacids dissolved ina
polar organic solvent. At higher pH values where the hydroxyboronate species is
predominant (Section 1.2.2.4.1), boronic acids may, however, be entirely miscible in
water. For this reason, when extracting boronic acids from aqueous solutions, it is
desirable to adjust the pH of the water phase to a neutral or slightly acidic level and to
use a polar organic solvent for an efficient partition. The use of aqueous conditions is to
be avoided for amphoteric boronic acids containing amino substituents, as they are
soluble in water in the entire pH range (at pH > 8, the hydroxyboronate species is
predominant, and at lower pH, the amine is protonated). The phase switch system
with aqueous sorbitol described in Section 1.3.8 may be employed for isolating
boronic acids or eliminating nonpolar impurities [392]. It is important to realize
that commercial samples of boronic acids may contain various amounts of residual
boric acid, which is silentin ' H NMR spectroscopy but can be detected by 1! B NMR.
Boric acid can usually be separated from boronic acids through a partition between
water and chilled diethyl ether. In addition to these potential difficulties in isolating
boronic acids, their tendency to form oligomeric anhydrides further complicates
their characterization. To palliate these problems, boronic acids are often purified
and characterized as esters. The following section provides a summary of useful
methods and generalizations for the isolation and characterization of boronic acids
and boronic esters.

1.4.1
Recrystallization and Chromatography

Most boronic acids can be recrystallized with ease. The choice of recrystallization
solvent, however, greatly affects the relative proportions of free boronic acid and its
corresponding anhydrides in the purified solid. Santucci and Gilman found that
acids are usually obtained from aqueous solutions (i.e., water or aqueous ethanol),
and anhydrides predominate when nonpolar recrystallization solvents like ethyl-
ene dichloride are employed [429]. Recrystallization in benzene gives some
dehydration, but to a lesser extent. Several other solvents have been used for the
recrystallization of arylboronic acids, including two-solvent systems. Most boronic
acids are soluble in polar solvents like ether, methylene chloride, and ethyl acetate
and are insoluble in pentane or hexanes. Much like carboxylic acids, most boronic
acids interact strongly with silica gel. Depending on the degree of hydrophobicity of
the boron substituent, chromatography and TLC on silica gel are possible despite
the high retentivity of boronic acids. To this end, the eluent mix of 20-50% ethyl
acetate/hexanes is generally suitable for most arylboronic acids, and those with
additional polar groups may require methanol or acetic acid as a coeluent. Some
electron-rich arylboronic acids tend to deboronate faster on silica gel; thus,
prolonged exposure to silica from lengthy separations should be avoided. In such
cases, filtration through a short plug of silica using acetone as coeluent [430] or the
use of a polar eluent mixture made of CH,Cl, and EtOAC was found suitable [409].
For example, a highly lipophilic trienylboronic acid was conveniently purified by
silica gel chromatography [273].
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1.4.2
Solid Supports for Boronic Acid Immobilization and Purification

Recently, the increasing popularity of boronic acids as synthetic intermediates
has motivated the development of solid supports and linkers to allow their
immobilization and facilitate purification operations or derivatization (Figure 1.34).
The appeal of these methods is particularly apparent in view of the difficulties often
encountered in the isolation of pure boronic acids from both aqueous and organic
solvent systems.

1.4.2.1 Diethanolaminomethyl Polystyrene

Diol-based insoluble polystyrene resins that can form supported boronic esters are
obvious choices for immobilizing boronic acids. Hall and coworkers reported the first
example of solid support for boronic acids, the diethanolaminomethyl polystyrene
resin (DEAM-PS, 114 in Figure 1.34), which is now commercially available [431, 432].
The immobilization of alkyl-, alkenyl-, and arylboronic acids with this resin is
straightforward, consisting simply of mixing a slight excess of DEAM-PS, as a
suspension, in an anhydrous solution containing the boronic acid [431a]. Tetrahy-
drofuran was found to be the solvent of choice as it dissolves most boronic acids. Itis
noteworthy that no azeotropic removal of the water released is needed, which comes
as a benefit of the B-N coordination in the resulting adducts and of the highly
hydrophobic nature of this polystyrene support. This simple procedure can be
employed for purifying boronic acids (Equation 1.63, Figure 1.34) or for scavenging
excess reagent from crude reaction mixtures [433], including amphoteric ones
that would be otherwise difficult to isolate from aqueous solvent systems. Following

/{OH
04©—0H2N OOCH2O OH
11
114 (DEAM- PS 5
: :OH /_(—OH
CgF13CHoCHLSI OH PEG-0O OH
116 117

Immobilization Cleavage =Y
114—»0‘“N """ @ — (HOB—\

— 5% H>O/THF (1.63)
ool
\ 7/ Solid-phase reaction (

Y

Figure 1.34 Diol-based supports for boronic acid immobilization and purification. Solid-phase
immobilization and derivatization of boronic acids using N, N-diethanolaminomethyl polystyrene
(DEAM-PS).
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resin washings, the desired boronic acid can be recovered upon treatment of the resin
with a 5-10% solution of water in THF. A wide variety of arylboronic acids were
immobilized with the DEAM-PS resin, and it has even been employed successfully in
the derivatization of functionalized boronic acids [432]. Thus, amino-substituted
arylboronic acids supported onto DEAM-PS were transformed into anilides
and ureas, bromomethyl-substituted ones were reacted with amines, formyl-substi-
tuted ones were subjected to reductive amination with aldehydes, and carboxy-
substituted phenylboronic acids were transformed into amides [432]. All these trans-
formations afford new arylboronic acid derivatives in very high purity directly after
cleavage from the resin. The DEAM-PS-supported boronic acids were also employed in
the interesting concept of resin-resin transfer reactions (RRTR), whereby a phase
transfer agent is used in situ to allow the transfer of one supported substrate to another
resin-supported substrate. This convergent solid-phase synthetic strategy was applied
to the Suzuki-Miyaura cross-coupling [434] and the borono-Mannich reactions [435].

1.4.2.2 Other Solid-Supported Diol Resins

A macroporous polystyrene resin functionalized with a 1,3-diol unit, 115, was described
by Carboni et al. [436]. Although the immobilization and subsequent cleavage of boronic
acids both require harsher conditions compared to DEAM-PS, this support was also
proven useful in the derivatization of functionalized boronic acids, as well as in a number
of elegant C—C bond forming/release procedures [437] and a traceless cleavage of
arenes [438]. Analogous pinacol-like linkers were also described, although preattachment
of the boronic acid prior to immobilization was required in these examples [439]. A
ROMP gel diol was employed for the immobilization of allylboronates [440]. A catechol-
functionalized polystyrene resin was also found to be effective in the immobilization and
derivatization of functionalized arylboronic acids [441].

1.4.2.3 Soluble Diol Approaches

Fluorous-phase purification methodologies using fluoroalkyl-tagged substrates com-
bine the advantages of homogeneous reaction conditions of solution-phase reactions
with the ease of purification of solid-phase methods. In this regard, pinacol-like and
other diol-based polyfluoroalkyl linkers such as 116 were described [442]. The
resulting fluorous boronates were employed in a variety of transformations and
allowed a facile purification by simple partition between fluorous and organic
solvents. A dendritic high-loading polyglycerol, 117, was shown to be effective in
immobilizing arylboronic acids and in facilitating the purification of biaryl products
from homogeneous Suzuki cross-coupling reactions [443].

1.4.3
Analytical and Spectroscopic Methods for Boronic Acid Derivatives

1.4.3.1 Melting Points, Combustion Analysis, and HPLC

The difficulty in measuring accurate and reproducible melting points for free
boronic acids has long been recognized [444]. Rather than true melting points,
these measurements are often more reflective of dehydration or decomposition
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points [212, 445]. The lack of reproducibility for a given boronic acid may originate
from the water contents of the sample used, which affects the acid—anhydride
transition. Moreover, as mentioned above, the water content also depends on
the recrystallization solvent [429]. For these reasons, it is often more appropriate
to report melting points of boronic acids as their diethanolamine esters
(Section 1.2.3.2.1). Likewise, combustion analysis of free boronic acids may provide
inaccurate results depending on the recrystallization method. Reverse-phase HPLC
chromatography may be used for analyzing boronic acids and esters, albeit on-
column hydrolysis can complicate the analysis of boronic esters. Fast methods
suitable to arylboron pinacol esters have been reported [446].

1.4.3.2 Mass Spectrometry

One useful diagnostic detail in the mass spectrometric analysis of boronic acid
derivatives is the observation of boron’s isotopic pattern, which is constituted of °B
(20% distribution) and !'B (80% distribution). On the other hand, unless other
functionalities help increase the sensitivity of a boronic acid-containing compound,
itis often difficult to obtain intense signals with most ionization methods due to the low
volatility of these compounds. This problem is exacerbated by the facile occurrence of
gas-phase dehydration and anhydride (boroxine) formation in the ion source. Electro-
spray ionization in the negative mode tends to provide the best results with minimal
fragmentation, the [M—H] ™ and [2M-H,0-H] ™ fragments being most common using
methanol, acetonitrile, water, or mixtures thereof as the most effective solvent systems.
For amino-substituted boronic acid compounds, the ESI positive mode is usually
effective, giving [M + H]" and [M + Na]* as common fragments. To minimize
thermal reactions and improve volatility, cyclic boronates may be employed. These
derivatives were even made on analytical scale [447]. The fragmentation patterns of
various para-substituted arylboronic esters of 1,2-ethanediol were studied using
electron impact ionization and several deboronative fragmentation pathways were
observed [448]. The nature of the para-substituent was found to have a marked
influence. In another study by GC-MS, ortho-substituents were found to interact
strongly during fragmentation [447]. Boropeptides, a popular class of enzyme inhibitors
(Section 1.6.5), and phenylboronic acid were characterized by positive-ion ammonia
chemical ionization with different diols as benchtop derivatization agents [449].

1.4.3.3 Nuclear Magnetic Resonance Spectroscopy

Boron compounds, including boronic acid derivatives, can be conveniently analyzed
by NMR spectroscopy [450]. Of the two isotopes, ' B is the most abundant (80%) and
possesses properties that are more attractive toward NMR. Specifically, these
attributes include its lower resonance frequency, spin state (3/2) and its quadrupole
moment, a wide range of chemical shifts, and its relatively high magnetic receptivity
(16% of 'H). Most boronic acids are soluble in dimethylsulfoxide (DMSO-d6), and it
is a particularly effective NMR solvent (—B(OH), resonance ~8.3 ppm). When
analyzing boronic acids in nonhydroxylic solvents by NMR spectroscopy, it is often
necessary to add a small amount of deuterated water (e.g., one or two drops) to the
sample in order to break up the oligomeric anhydrides. Alternatively, analysis in
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anhydrous alcoholic solvents such as methanol will allow observation of the in situ
formed methanolic ester. Observation of the 'B nucleus against a reference
compound (e.g., BF3) is straightforward with modern instruments, and can be
especially revealing of the electronic characteristics [34] and coordination state of the
boronate moiety. The boron resonance of free boronic acids and tricoordinate ester
derivatives is generally detected in the 25-35ppm range, and tetracoordinate
derivative such as diethanolamine esters are detected at around 10 ppm [451]. In
13C analysis, carbons next to the boron atom tend to be broadened often beyond the
limits of detection due to the quadrupolar relaxation of !'B. Consequently, with
aromatic boronic acids, the signal from the quaternary carbon bearing the boron
atom can be very difficult to observe over the background noise.

1.4.3.4 Other Spectroscopic Methods

In spite of their limited structure determination capabilities, ultraviolet and infrared
spectroscopies were determinant characterization techniques in the early days of
boronic acid research [429]. Noted IR absorptions are the strong H-bonded OH
stretch (3300-3200cm™ '), and a very strong band attributed to B—O stretch
(1380-1310cm ™ Y). IR is particularly diagnostic of the presence of boronic anhy-
drides. Upon anhydride (boroxine) formation, the OH stretch disappears and a new
strong absorption appears at 680-705cm ' [75].

1.5
Overview of the Reactions of Boronic Acid Derivatives

1.5.1
Metalation and Metal-Catalyzed Protodeboronation

In 1882, Michaelis and Becker described the preparation of phenylmercuric chloride
(118) from the reaction of phenylboronic acid and aqueous mercuric chloride
(Equation 1.64, Figure 1.35) [228b]. Benzylboronic acid was transformed to benzyl-
mercuric chloride in the same manner, and both compounds were found to resist
hydrolysis under the conditions of their preparation. Mechanistic studies later
showed that this reaction proceeds through the hydroxyboronate ion [452]. Catechol
and pinacol alkenylboronic esters were also found to be transmetalated into the
corresponding organomercurial derivative with retention of configuration [453, 454].
One of the early observations on the reactivity of arylboronic acids was the realization
that a number of metal ions (other than Hg(II)) can induce protodeboronation in
water, presumably via the intermediacy of an arylmetal species (Equation 1.64). Thus,
Ainley and Challenger found that hot solutions of phenylboronic acid with copper
sulfate, cadmium bromide, or zinc chloride produce benzene [70]. As phenylboronic
acid is stable to dilute hydrochloric acid, it was deduced that the deboronation
occurred through the formation of transmetalated intermediates similar to 118
(Figure 1.35) and their reaction with water, and not from the possible release of acid
by hydrolysis of the metal salt. Instead of giving benzene, cupric chloride and
bromide were found to provide the respective phenyl chloride and bromide [70].
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@ B(OH). —> QMXM — @—H
(1.64)
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Figure 1.35 Protodeboronation of boronic acids.

Halide salts of beryllium, magnesium, and calcium did not react with phenylboronic
acid [70]. Arylboronic acids were transformed into arylthallium derivatives in a
similar fashion [455], and alkylboronic acids were found to be unreactive under the
same conditions [86]. Ammonical solutions of silver nitrate also induce protodebor-
onation of arylboronic acids with production of silver oxide [202]. Aliphatic boronic
acids behave differently and rather tend to undergo a reductive coupling to give the
dimeric alkane products [85]. Kuivila et al. studied the mechanism of metal ion
catalysis in the aqueous protodeboronation of arylboronic acids [456]. Substituent
effects and the influence of pH were investigated, and both base and cadmium
catalysis pathways were evidenced for this reaction. The order of effectiveness of the
different metal ions at effecting deboronation was established to be Cu(II) > Pb
(IT) > Ag(I) > Cd(IT) > Zn(II) > Co(II) > Mg(II) > Ni(II). Boron—zinc exchange with
boronic acids is a well-established synthetic process [457]. More recently, bis-
muth [458] and gold salts [459] were found to undergo a B-M transmetalation.
The silver nitrate-promoted protodeboronation method can be synthetically use-
ful [438]. The regioselective protodeboronation of an isomeric mixture of heterocyclic
boronic acids was employed as a separation strategy (Equation 1.65) [460]. On a
synthetic chemistry standpoint, however, reaction of the metalated intermediates with
electrophiles other than a proton is usually more attractive. Indeed, one of the most
important recent developments in boronic acid chemistry strove from the discoveries
that transition metals such as palladium(0), rthodium(l), and copper(I) can oxidatively
insertinto the B—C bond and undergo further chemistry with organic substrates. These
processes are discussed in Sections 1.5.3 and 1.5.4 and several other chapters.

15.2
Oxidative Replacement of Boron

1.5.2.1 Oxygenation

The treatment of arylboronic acids and esters with alkaline hydrogen peroxide to
produce the corresponding phenols was first reported more than 75 years ago [70].
The oxidation of alkyl- and alkenylboronic acid derivatives leads to alkanols [42]
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Figure 1.36 Oxidation of boronic acids (esters).

and aldehydes/ketones, respectively [95, 309a, 348, 399]. With chiral a-substituted
alkylboronates, the reaction proceeds by retention of configuration (Equation 1.66,
Figure 1.36) [137, 461]. In fact, the oxidation of boronic acids and esters is a
synthetically useful process in the preparation of chiral aliphatic alcohols via
asymmetric hydroboration of alkenes [369] or from the Matteson homologation
chemistry [406]. On the other hand, the oxidation of arylboronic acids is usually not a
popular and economical approach for preparing phenols. It was reported, however,
that a one-pot C—H activation/borylation/oxidation sequence gives access to meta-
substituted phenols that would be difficult to obtain by other means (Equation
1.67) [462]. The mechanism of the aqueous basic oxidation of phenylboronic acid
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was investigated by Kuivila [463]. The rate is first order each in boronic acid and
hydroperoxide ion, which led the authors to propose the mechanism of Figure 1.36
(Equation 1.68). The transition state features a boron—to—oxygen migration of the
ipso-carbon. Milder oxidants like anhydrous trimethylamine N-oxide [464],
oxone [465], sodium perborate [466], and hydroxylamine [467] can also be employed
for the oxidation of most types of boronic acid derivatives. It is noteworthy that
perborate was found to give a cleaner oxidation of alkenylboronic acids into aldehydes
compared to hydrogen peroxide [399]. Recently, mild room-temperature copper-
catalyzed hydroxylations of arylboronic acids have appeared (Equation 1.69) [468].
Allylic boronic esters can be oxidized using nitrosobenzene with a SE’ regioselectivity
complementing the use of peroxide [469]. Interestingly, the combined use of
diacetoxyiodobenzene and sodium iodide under anhydrous conditions transforms
alkenylboronic acids and esters into enol acetates in a stereospecific manner
(Equation 1.70) [470].

1.5.2.2 Amination and Amidation

Aryl azides can be accessed indirectly from arylboronic acids via in situ generated
aryllead intermediates (Equation 1.71, Figure 1.37) [471]. A mild procedure for ipso-
nitration of arylboronic acids was developed (Equation 1.72), and a mechanism was
proposed [472]. Common methods and reagents for electrophilic amination, how-
ever, do not affect boronic acids and their esters. These processes require the
intermediacy of more electrophilic boron substrates such as borinic acids or
dichloroboranes. For example, enantiomerically pure propanediol boronates, which
are accessible from the asymmetric hydroboration of alkenes with ipc,BH followed
by the acetaldehyde-promoted workup and transesterification, can be treated sequen-
tially with MeLi and acetyl chloride. The resulting borinic ester is sufficiently
electrophilic to react at room temperature with the amination reagent hydroxyl-
amine-O-sulfonic acid with retention of stereochemistry to give primary amines in
essentially 100% optical purity (Equation 1.73) [473]. The preparation of optically
pure secondary amines from alkyl azides also requires the intermediacy of the
highly electrophilic dichloroboranes (Equation 1.74) [191], which can be made
from boronic esters and monoalkylboranes, as described in Section 1.2.3.6. Intra-
molecular variants of the reaction with alkyl azides provide access to pyrrolidines and
piperidines [474]. A more contemporary amination of arylboronic acids affords
primary anilines using a copper oxide catalyst and aqueous ammonia at ambient
temperature (Equation 1.75) [475]. A copper-catalyzed coupling with nitrosoarenes
gives diaryl amines [476] and a XeF,-promoted reaction with nitriles gives
anilides [477].

1.5.2.3 Halodeboronation

1.5.2.3.1 Arylboronic Acids and Esters As described above, cuprous chloride and
bromide provided the corresponding ipso-substituted phenyl halides from benze-
neboronic acid [70]. A modern stepwise one-pot version of these copper-promoted
halogenations employs pinacol arylboronates made via transition metal-catalyzed
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Figure 1.37 Oxidative amination of boronic acid derivatives.

borylation [478]. Arylboronic acids are halodeboronated regioselectively by the action
of aqueous chlorine, bromine, and aqueous iodine-containing potassium iodide [70].
Alkylboronic acids do not react under the same conditions [42]. The kinetics of
bromonolysis in aqueous acetic acid has been studied by Kuivila and Easterbrook,
who found that bases catalyze the reaction [479]. This observation and a Hammett
plot of 10 arylboronic acids [480] are consistent with a proposed electrophilic ipso-
substitution mechanism involving the usual weakening effect of the C—B bond
through formation of a boronate anion (Equation 1.76, Figure 1.38). N-Bromo- and N-
iodosuccinimides convert arylboronic acids to the corresponding aryl halides in good
to excellent yields [481]. Most arylboronic acids react in refluxing acetonitrile,
whereas the most activated ones such as 2-methoxyphenylboronic acid are iodinated
at room temperature. Boronic esters provide significantly lower yields, and N-chlor-
osuccinimide is essentially unreactive even in the presence of bases. The use of 1,3-
dibromo-5,5-dimethylhydantoin (DBDMH) under catalysis by sodium methoxide
was shown to be an efficient bromodeboronation method for arylboronic acids
when acetonitrile is used as the solvent (Equation 1.77, Figure 1.38) [482].
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Figure 1.38 Halodeboronation of arylboronic acids.

The corresponding reagent DCDMH leads to the isolation of arylchlorides.
The combined use of chloramine-T and sodium iodide in aqueous THF affords
aryliodides from 2,2-dimethylpropanediol boronates [483]. Aryltrifluoroborate salts
aretransformedinto bromides byaction of n-Bu,NBr; under aqueous conditions [484].
Arylfluorides can be obtained in rather modest yield by treatment of arylboronic acids
with cesium fluoroxysulfate (CsSO4F) in methanol (Equation 1.78) [485]. Recently,
however, interest in medical applications of positron emission tomography led
to improved and more general fluorodeboronation procedures, including
stepwise Pd(I)- [486] and Ag(I)-promoted methods (Equation 1.79) [487]. Aryl(phe-
nyl)iodonium salts are formed by treatment of arylboronic acids with trifluorometha-
nesulfonic acid and diacetoxyiodobenzene in dichloromethane [488].

1.5.2.3.2 Alkenylboronic Acids and Esters The sequential treatment of alkenylboro-
nic esters with bromine in ethereal anhydrous solvent and then with sodium
hydroxide or alkoxides in a one-pot fashion provides the corresponding alkenyl
bromides with inversion of olefin geometry (Equations 1.80 and 1.81,
Figure 1.39) [489-491]. A reasonable mechanism to account for the inversion was
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Figure 1.39 Halodeboronation of alkenylboronic acids (esters).

proposed based on the formation of a vicinal dibromide followed by a trans-
bromodeboronation promoted by the addition of the base (Equation 1.80) [491].
The related iodinolysis process is complementary, giving alkenyl iodides with
retention of olefin geometry (Equations 1.82 and 1.83) [492]. The procedure involves
the simultaneous action of iodine and aqueous sodium hydroxide, and a tentative
mechanism involving the syn-deboronation of an iodohydrin intermediate has been
proposed to explain the stereochemistry of this reaction [491]. Like the bromination
process, however, a sequential treatment of the alkenylboronic acid with iodine and
then with sodium hydroxide generally provides the corresponding alkenyl iodides by
inversion of geometry [491]. In both cases, boronic acids can be used directly with
only 1 equiv of halogen, whereas boronic esters can be transformed effectively with at
least 2 equiv of the requisite halogen. The use of ICl and sodium acetate was also
demonstrated [493]. The combination of ICl and sodium methoxide as base was
found to be more efficient in the case of hindered pinacol alkenylboronates, and both
isomers can be obtained selectively from a single E-1-alkenylboronate depending on
the order of addition [494]. Petasis and Zavialov reported a mild halogenation
procedure for various types of alkenylboronic acids using halosuccinimides as
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reagents (Equation 1.84, Figure 1.39) [495]. The reactions proceed in acetonitrile at
room temperature and provide high yields of alkenyl halide products with retention
of olefin geometry. The chlorination variant with N-chlorosuccinimide requires the
use of triethylamine as a base. The chlorination of alkenylboronic acids was also
carried out with chlorine and occurs by inversion of olefin geometry [496].

153
Carbon—Carbon Bond Forming Processes

1.5.3.1 Transition Metal-Catalyzed Cross-Coupling with Carbon Halides

and Surrogates (Suzuki-Miyaura Cross-Coupling)

The ability of boronic acids to undergo C—C bond formation in the presence of a
stoichiometric quantity of palladium was recognized in 1975 [272]. A subsequent 1979
Chemical Communications paper by Miyaura and Suzuki reported findings generally
regarded as the most important discovery in the recent history of boronic acid
chemistry [497]. This paper described the palladium(0)-catalyzed coupling between
alkenyl boranes or catecholates and aryl halides, in the presence of a base, providing
arylated alkene products in high yields. Soon thereafter, a seminal paper on the
synthesis of biaryls by coupling of phenylboronic acid with aryl bromides and halides
was reported (Equation 1.85, Figure 1.40) [498]. Since then, significant improvements
of this important synthetic methodology have been made through optimization of the
different reaction parameters such as catalyst, ligands, base, solvent, and additives.

R1 R1
I I
7 Y—siome O—R2
(or heteroaryl) F’d(Og :sreNi(O) (or heteroaryl) (1.85)
or + R2X > or
2
B(OH), R< = aryl, alkenyl, alkyl R2
RIS X =1, OTY, Br, Cl RN
oxidative addition II_ )
R1X\/‘ R‘—Pd(ll)—L __\‘Ilgand exchange
1
X
|
! (HO),B—R?
reductive elimination transme OH -
RI—R? R'=Pa(ll)—L (\ (HO)sB-R (base)
' boronate

- B(OH)4 anion

Figure 1.40 Transition metal-catalyzed coupling of boronic acids (esters) with carbon halides/
triflates (Suzuki-Miyaura cross-coupling reaction). Bottom: Accepted mechanism in aqueous
conditions.
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These advances have been reviewed regularly [499], including applications in natural
product synthesis [499g]. All the contemporary aspects of the Suzuki-Miyaura cross-
coupling reaction are covered in detail in Chapter 4; therefore, only a brief summary is
provided in this section. The accepted mechanism for the aqueous basic variant
involves oxidative addition of the halide substrate to give a Pd(II) intermediate,
followed by a transmetalation, and a final reductive elimination that regenerates the
Pd(0) catalyst (Figure 1.40) [500-502]. The two key catalytic intermediates have been
observed by electrospray mass spectrometry [503], but ambiguities remain pertaining
to the nature of the turnover-limiting step. Although the specific role and influence of
the base remain unclear [504], it was suggested that the transmetalation is facilitated by
a base-mediated formation of the tetracoordinate boronate anion [505], which is more
electrophilic than the free boronic acid (Sections 1.5.1 and 1.5.2). A recent report,
however, showed that when a weak base is used in aqueous solvents, transmetalation
between a Pd hydroxy complex and trigonal boronic acid is possible [506]. A useful
carbonylative variant has also been developed to access benzophenones [507], which
can also be produced from the coupling of acid chlorides [508] or anhydrides [509].
Another variant allows the preparation of a,f-unsaturated carboxyesters from alke-
nylboronic esters [294]. In many of these reactions, a dreaded limitation with some
ortho-substituted and electron-poor arylboronic acids is the possible occurrence of a
competitive protolytic deboronation, which is exacerbated by the basic conditions and
the use of a transition metal catalyst (Section 1.5.1). As a result, an excess of boronic
acids is often needed, buta method employing a fluorescent dye was proposed as a way
to monitor consumption of the boronic acid using a standard handheld UV lamp [510].
Methods to minimize this side reaction were developed, in particular the use of milder
bases [511] like fluoride salts [512] and nonaqueous conditions [513]. Recently, a slow-
release strategy using MIDA boronates was shown to allow effective coupling of
o-heterocyclic and other sensitive boronic acids that are notorious for their tendency to
protodeboronate [41]. Competitive homocoupling of the arylboronic acid can compete,
but it can also be an attractive process for making symmetrical biaryls [514]. Despite
these impediments, the venerable Suzuki-Miyaura cross-coupling reaction has
become the most versatile method to synthesize a broad range of biaryl and heteroaryl
compounds that find widespread uses as pharmaceutical drugs and materials. The
reaction is particularly useful in combination with ortho-metalation approaches to
generate the arylboronic acid substrate [515]. Alkenylboronic acids and esters,
including vinylboronates [516], are also very useful substrates, in particular to access
substituted olefins and dienyl moieties commonly encountered in several classes of
bioactive natural products [351, 517]. To this end, Kishi and coworkers examined the
influence of the base, and developed an optimal variant using thallium hydroxide [350]
(Equation 1.86, Figure 1.41) [518]. The Suzuki—Miyaura cross-coupling can be applied
to the use of allylic boronic acids [519] and alkylboronic acids [362, 520], including
cyclopropylboronic acids [520d], and major recent advances were made with the use of
alkyltrifluoroborate salts (Chapter 11) [521]. Hitherto known to be notorious for their
tendency to undergo f-hydride elimination, alkyl bromides are now suitable as
electrophiles under carefully optimized conditions that even allow couplings of
secondary alkyl halides [522] and Csp’~Csp® couplings with alkylboronic acids
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/\)\/\ Pd(PPhs),
X ' Br TIOH
BtOC N+ HO NN o), 2 -

MOMO Br THE

E10,07 \ OH (1.86)
MOMO  Br

(n-C12Ho5)—Br Pd(OAc), (5 mol%)
P(t-Bu)2Me (10 mol%)

* - (1.87)

—( KO-t-Bu (3 equiv)
(HO)2B—(n-CeH1a) t-amyl alcohol, rt
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Ph/\H +-Bu O O
(S) (96% ee) FPr PCy, (1.88)
(1 equw) XPhos (10 mol%)
Pd(dba), (5 mol%)
Br4©7 KoCOjs (3 equiv)
toluene/H,0, 80 °C (84%, 93% ee)
(1.2 equiv)
MeO PCy,
A [
MeO (0.5 mol%) (1.89)
Cl + (HO).B >
Pd(OAc)» (0.5 mol%) O
(1.5 equiv) K3PO4-H20 (3 equiv)
THF, rt, 3h (go%)
Cl
¢ ¢
Cl 7 “N-Pd—NHC
=N _ |
Cl N S
* PA-PEPPSHPr 4 \
S > < _ N\ (1.90)
(HO)B—\ K2CO3 N
p-dioxane, 60 °C (96%)
CN
| N Pd»dbaz (4 mol%) CN
NP sme  (@furysP (16 mol%) | =
+ CuTC (1.2 equiv) N/ OMe Lo
(HO)zB (1.91)
THF, 50 °C, 18 h MeO
MeO OMe  CuTC = copper(l)
thiophene-2-carboxylate (76%)

Figure 1.41 Selected examples of Suzuki-Miyaura cross-coupling reactions.
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(Equation 1.87) [523]. Methods for stereoselective cross-couplings of optically enriched
alkylboronic acids have begun to emerge (Equation 1.88) [524]. The Suzuki reaction
has also been applied very successfully in the fields of polymer chemistry [525], as well
as solid-phase chemistry and combinatorial library synthesis [526]. It has been applied
industrially [527], especially in medicinal chemistry, for example, in the production of
the antihypertensive drug losartan [224]. As described in Section 1.3.8.6, the use of
masking groups allows iterative cross-couplings for a controlled synthesis of oligoar-
enes [427] and polyenes, including naturally occurring ones [426].

In the past decade alone, several new and further improved catalysts and ligands
have been developed for difficult substrates such as aryl chlorides, which are cheaper
and more available than bromides [528]. Among other advances, new phosphine-
based systems developed by Fu [529], Buchwald [530], Organ [531], and others [532]
even allow room-temperature couplings with aryl and heteroaryl chlorides. For
example, Buchwald and coworkers developed a universal palladium catalyst system
based on SPhos, a rationally designed ligand with unprecedented stability and scope
for couplings of hindered aryl chlorides at room temperature (Equation 1.89) [533].
Organ and coworkers developed Pd-PEPPSI, a class of very active and broadly
applicable palladium complexes of N-heterocyclic carbenes (NHC) (Equation
1.90) [531]. These and other phosphine-free systems based on NHC ligands were
shown to perform very well even with hindered boronic acids and electrophiles [534].
Other transition metals were found to catalyze the reaction, notably nickel [535],
ruthenium [536], iron [537], and gold [538], albeit the range of suitable substrates
tends to be more limited. Interestingly, advantageous ligand-free [539] and even
“palladium-free” couplings have even been reported [540]. Other classes of substrates
such as polyfluoroarenes [541], aryltosylates [542], arylammonium salts [543], aryl-
carbamates and carbonates [225, 544], aryl methyl ethers [545], allylic halides and
esters [546], and allylic ethers [547] were recently uncovered to further expand the
scope of this cross-coupling chemistry. Allylic alcohols can couple directly with alkyl-,
alkenyl-, and arylboronic acids [548]. Moreover, arylsulfonium salts [549], thioe-
sters [550], and thioethers [551] were shown to be suitable electrophilic substrates.
For example, heteroaromatic thioethers couple to arylboronic acids under base-free
conditions promoted by copper(I) thiophene-2-carboxylate (Equation 1.91) [552].
A more detailed description of the Liebeskind-Srogl cross-coupling [553] can be
found in Chapter 7. Likewise, more details and recent advances in the Suzuki-
Miyaura cross-coupling reaction are described in detail in Chapter 4.

1.5.3.2 Transition Metal-Catalyzed Insertions, Cycloisomerizations, and C—H Func-
tionalizations Based on Transmetalation of Boronic Acids

Numerous reaction processes have been reported based on exploiting the ability of
boronic acids to transmetalate with Pd(II) and other transition metals, and a detailed
overview would be beyond the scope of this chapter. Carbonylations and carboxyla-
tions of arylboronic esters to provide carboxyesters and acids are known (Equation
1.92, Figure 1.42) [554]. There are several examples of transition metal-catalyzed ring
forming reactions employing boronic acids as electrophiles [555]. These processes
are illustrated in a nice example by Murakami and coworkers of a palladium-catalyzed
cyclization of 2-(alkynyl)aryl isocyanates terminated through a Pd(II) transmetalation/
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Figure 1.42 Other transition metal-catalyzed transformations of boronic acids (esters).
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reductive elimination (Equation 1.93) [556]. Cyclobutanones undergo a C—C bond
insertion/functionalization with arylboronic acids (Equation 1.94) [557]. Other recent
examples include the use of diazoesters as substrates, affording a,(3-diaryl acrylates as
products [558], copper-catalyzed stereospecific couplings between arylboronic acids
and allylic phosphates [559], and a useful aromatic trifluoromethylation reaction [560].
A Dbicyclic allylic carbamate was opened enantioselectively in a key Pd(I1)-catalyzed step
toward the synthesis (+ )-homochelidonine (Equation 1.95) [561]. Gold-catalyzed
oxidative couplings using boronic acids were reported (Equation 1.96) [562]. Patel and
Jamison reported a nickel-catalyzed three-component reaction between alkynes,
imines, and organoboron compounds such as alkenyl- and arylboronic acids [563].
The resulting allylic amines are obtained in high regioselectivity. A palladium-
catalyzed three-component reaction between allenes, organic halides, and boronic
acids was reported [564].

Recent interest in C—H activation/functionalization of arenes has motivated the
use of boronic acids as partners. For example, arylboronic esters were used in a
ruthenium-catalyzed ortho-arylation of aromatic ketones via C—H activation/functio-
nalization (Equation 1.97) [565] or in a dealkoxylation/functionalization [566]. Several
palladium-catalyzed variants using various directing groups [567], including func-
tionalization of sp® centers [568], have been described recently using boronic acids to
transmetalate with the Pd(II) intermediate of C—H activation. Silver-catalyzed
o-arylation of pyridines (Equation 1.98) [569] and iron-mediated [570] direct aryla-
tions of unactivated arenes have also been reported.

1.5.3.3 Heck-Type Coupling to Alkenes and Alkynes

A number of reports have highlighted the ability of boronic acids to undergo
rhodium- [571], ruthenium- [572], iridium- [573], or palladium(II)- [574] catalyzed
addition—dehydrogenation reactions (oxidative Heck reaction) on alkenes (Equation
1.99, Figure 1.43). The Pd(Il)-catalyzed variant is particularly versatile, as demon-
strated with the assembly of [2]rotaxanes [575]. An interesting C-glycosylation of
glycals provides different isomeric alkenes dependent on the choice of oxidant
(Equation 1.100) [576]. A copper-catalyzed “Sonogashira-like” variant affords an
aerobic oxidative addition between terminal alkynes and arylboronic acids that
produce internal alkynes [577]. A rhodium-catalyzed addition onto 1-arylethenyl
acetates affords stilbene derivatives via cine substitution [578].

1.5.3.4 Rhodium- and Other Transition Metal-Catalyzed Additions to Alkenes,
Carbonyl Compounds, and Imine Derivatives

Another recent breakthrough in organoboron chemistry is the exciting discovery that
rhodium(I) complexes catalyze the conjugate addition of boronic acids to carbonyl
compounds [579] and a wide range of activated alkene substrates (Equations 1.101
and 1.102, Figure 1.44) [580]. The latter process, reviewed in Chapter 5, can
even provide enantioselectivities over 99% with several classes of substrates [581].
Under certain conditions, diarylketones can be obtained in the Rh(I)-catalyzed
addition of arylboronic acids to benzaldehydes [582]. A nickel-carbene catalyst was
found effective directly from boronic esters under mild conditions [583]. Palladium
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Pd(ll) cat. SR
Ar—BOH), + XyR —— AT
Oz

(1.99)

PhB(OH),
Pd(OAc),

Cu(OAc), / 02

TBSO (1.100)

PhB(OH),
Pd(OAC),

DDQ

TBSO"
TBSO

Figure 1.43 Heck-type reactions with boronic acids.

and nickel catalysts can also promote similar additions of boronic acids onto
unactivated alkenes [584], alkynes (giving polysubstituted alkenes stereoselec-
tively) [585], allenes [586], and 1,3-butadienes [587].

Selected recent examples of catalytic enantioselective additions of boronic acids
and esters to aldehydes and ketones include rhodium- [588], copper- [589], and
ruthenium-catalyzed methods (Equation 1.103) [590]. Rhodium-catalyzed additions
to imine derivatives are possible [591]. For example, arylboroxines were shown to
undergo a catalytic asymmetric addition to N-tosylarylimines [592]. This procedure

9 OH
RZJ\H 1 2
R'” "R (1.101)
R'-B(OH), Rh(l), base
R2
R'=alkenyl, aryl g2 Rl
X EwG o EWG
EWG = COR, CO,R (1.102)
NO,, etc.
MeO
CHO RuCl, complex (1 mol%) MeQ o
(R,R)-Me-bipam (2.2 mol%) Ph
+ PhB(OH), : -
(1.5 equiv) KoCOg (1 equiv) (1.103)
Br tol-H,O 5:1, 80 °C, 16 h Br

(93%, 97% ee)

Figure 1.44 Rhodium- and ruthenium-catalyzed additions of boronic acids onto carbonyl
compounds and activated alkenes.
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and other asymmetric variants provide branched amines with high stereoselectivities
(see Chapter 9).

1.5.3.5 Diol-Catalyzed Additions of Boronic Esters to Unsaturated

Carbonyl Compounds and Acetals

In addition to the above variant that makes use of transition metal catalysts, it was
long known that strong Lewis acids can promote the conjugate addition of boronic
esters to a,-unsaturated carbonyl compounds [593]. More recently, it was shown that
the B—C bond of alkynylboronic esters is labile enough to allow their uncatalyzed
nucleophilic addition to enones, and a stoichiometric asymmetric procedure has
been developed using binaphthyl alkynylboronates [594]. A catalytic variant employ-
ing chiral binaphthol catalysts was subsequently developed for both alkynyl- and
alkenylboronates (Equation 1.104, Figure 1.45) [595]. The mechanism of these diol-
catalyzed reactions has been debated to occur either through a simple transester-
ification (complete exchange to a more electrophilic arenediol ester) or via a mixed,
Bronsted activated ester [596]. Using enals as substrates, secondary amine-catalyzed
variants proceeding through iminium ion intermediates have been reported, albeit
with limited scope and enantioselectivity [597]. Reagents other than allylic or
propargylic boronates do not add spontaneously to carbonyl compounds. A recent
report, however, describes enantioselective tartrate-derived diol-catalyzed additions
of aryl- and alkenylboronates onto chromene acetals (Equation 1.105) [598].

X
O-i-Pr OH
R'——-B OH
o OO
(1.5 equiv) I =2 0
. (20mole) - s (1.104)
0 CH.Cly, rt to reflux Rl z
RZ’\)J\ R? R =alkyl, aryl (80-88%, 82-96% ee)
R2 = aryl
O OH
NBn
o OEt HO I
N (5 mo /o) (:(j (1.105)
(EtO)ZB\/\n_C H Ce(OTf)4 (4 5 mol% /\n'CGH13
613 EtOAc, —20 °C (75%, 98%
(1.5 equiv) o, 98% ee)

Figure 1.45 Diol-catalyzed additions of boronic esters.
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1.5.3.6 Allylation of Carbonyl Compounds and Imine Derivatives

The uncatalyzed addition of allylic boronates to aldehydes was first disclosed in
1974 [599]. This reaction has since found tremendous use in the stereoselective
synthesis of acetate and propionate units found in numerous natural products
(Equation 1.106, Figure 1.46) [600]. One of the most recent developments of this
reaction is the discovery that additions of allylboronates to aldehydes can be catalyzed
by Lewis [601] and Brensted acids [602]. The dramatic rate acceleration observed in
these variants allows a substantial decrease in the reaction temperature, which in turn
leads to outstanding levels of diastereo- and enantioselectivity using chiral cata-
lysts [603]. Since then, many newer catalytic procedures for additions of allylic
boronates to carbonyl compounds and imine derivatives have been developed, as well
as efficient methods for the preparation of functionalized reagents [600]. Many of
these advances are described in Chapter 8.

1.5.3.7 Uncatalyzed Additions of Boronic Acids to Imines and Iminiums

In 1993, Petasis disclosed a novel Mannich-type multicomponent reaction between
alkenylboronic acids, secondary amines, and paraformaldehyde [604]. Subsequently,
a variant between o-ketoacids, amines, and boronic acids was developed, providing
a novel synthetic route to a-amino acids (Equation 1.107, Figure 1.46) [605a]. The use
of a-hydroxyaldehydes lends access to 3-amino alcohols in high yields and stereo-
selectivity (Equation 1.108) [605b], and both alkenyl- and arylboronic acids can be
employed. A catalytic asymmetric approach has been reported in 2008 [606]. The
Petasis borono-Mannich reaction was reviewed recently [607], and its mechanism and
applications are discussed with several examples in Chapter 9.

0 R4 thetrr’lnal ?jr HO R4
catalyze
A RZ\)\(B(OR)Q e RS
R 'H R (1.106)
R3 RS R2 RS
1
RSR*N_ _CO.H
R?” "COH 2 (1.107)
R3R*NH R' R2
R'—B(OH),

N OH
1 : 1.108
HJ\/F‘2 RY\RZ (108
ROR*N
RORNH OH

Figure1.46 Other C—C bond forming reactions of boronic acids (esters): carbonyl allylboration and
Petasis borono-Mannich reaction.
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Cu(OAc),
—B(OH), + R2—XH S RI_xR?
R' = alkenyl, aryl R? = aryl, heteroaryl base
’ (1.109)
alkenyl

X = 0, NR3, S, C(O)N, etc.

(0]
NHAC Cu(OAc)2 (1 equiv)
EtO pyridine (5 equiv)
I /@/OTBS Et:N (5 equiv)
OH (HO),B CH.Cl,, 25 °C, 18 h
(2 equiv)
0O
NHAc
EtO

OTBS
/©/ (1.110)

(84%)

Figure 1.47 Copper-catalyzed coupling of boronic acids with oxygen and nitrogen compounds.

1.5.4
Carbon—Heteroatom Bond Forming Processes

1.5.4.1 Copper-Catalyzed Coupling with Nucleophilic Oxygen

and Nitrogen Compounds

In 1998, groups led by Chan, Evans, and Lam independently reported their observation
that copper diacetate promotes the coupling of aryl and heteroaryl boronic acids to
moderately acidic heteroatom-containing functionalities like phenols, thiols, amines,
amides, and various heterocycles (Equation 1.109, Figure 1.47) [608-610]. The potential
of this mild and general method was convincingly exemplified with the syntheses of the
diaryl ether units of a thyroxine intermediate (Equation 1.110) [609] and the teicoplanin
aglyconrelated to vancomycin [211]. This new reaction has since been extended to other
classes of substrates, including applications in solid-phase synthesis [611]. A mech-
anism was suggested based on transmetalation of the boronic acid with Cu(OAc),,
followed by ligand exchange with the nucleophilic substrate, and reductive elimination
to give the coupling product [608]. These copper-catalyzed heterocoupling reactions
of boronic acids constitute the main topic of Chapter 6.

1.5.5
Other Reactions

1,3-Dicarbonyl compounds are arylated with arylboronic acids in the presence of lead
tetraacetate and catalytic Hg(OAc), under in situ conditions that promote a rapid
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boron-to-lead transmetalation (Equation 1.111, Figure 1.48) [612]. A more recent
method for a-arylation and a-vinylation of carbonyl compounds consists in adding
boroxines to a-diazocarbonyl compounds via palladium catalysis [613a] or thermal,
base-promoted catalysis (Equation 1.112) [613Db]. A similar, metal-free reductive

0
i. Hg(OAc) (0.1 equiv) " é/COzEt (o)
Ar—B(OH), Pb(OAc)4 (1 equiv) / N CO,Et ..
pyridine Ar .
CHCl5, 40°C,1h  40°C, 1 h:rt, 12h
(26-78%)
Ne . ) Ar?
A coM + (ABO)s -ProNH (3 equiv) . 1
' 2ve CI(GH),Cl, 100°C  Ar'” ~COzMe (1.112)
(56-91%)
) i. M(0)L +BuQ _ .
Bpln (Nl, Pd) ) Bpln
+ > | -mL (1.113)
Br ii. KO-t-Bu M
/ OBr
o\
dppm(AuBr); (5 mol%) OH
RL_. + ArB(OH); 2 - R‘\)\/Ar
H-0, Selectfluor® (1.114)
MeCN, 50 °C (67-88%)
H
|
0-B~0 LiIHMDS N . OH
- = 0-B~p-Li —>TMS\)\
X __ S = R
A ™S “T=<0
+ ROHO ™S R (53-62%)  (1.115)
Ph OH
o PhB(OH), - Ph
1.3 equiv [ XNe) B
Rﬂ/\sphw> R\/kg\ - 0" o (1.116)
CeHe, 70 °C A R _I—_sPh
+
R2
R n
NP R (1.117)
| L w
B(OH) . :
n=0,1 oc.eh OH  (76-92%)

Figure 1.48 Selected examples of miscellaneous reactions of boronic acid derivatives.
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Figure 1.48 (Continued)

(1.118)

(1.119)

coupling between tosylhydrazones and arylboronic acids was recently described [614].
Allylic carbonates [615] and even amines [616] provide cross-coupling products with
boronic acids under nickel catalysis. The metalation of ortho-bromobenzeneboronic
esters was shown to be an effective route to benzyne complexes of Group 10 metals
(e.g., Ni, Pd) (Equation 1.113) [617]. Boronic acids have been employed in multi-
component reaction processes other than the Petasis reaction (Section 1.5.3.7). They
were shown to react with diazocyclopentadiene and rheniumy(I) tricarbonyl complex
to give new monoalkylated cyclopentadienyl rhenium complexes [618]. Recently,
fluoride-enabled cationic gold-catalyzed processes were reported that employ boronic
acids as reagents. An interesting three-component oxidative alkoxy- and hydroxyar-
ylation of alkenes was described (Equation 1.114) [619], purportedly via Au(III)
activation of the alkene pi-bond, and a related hydration/functionalization of alkynes
was reported [620]. A chemo- and regioselective Ru(II)-catalyzed cyclotrimerization
involving alkynylboronates and two other alkynes can be turned into a four-compo-
nent synthesis of polysubstituted arenes when combined with a one-pot Suzuki
coupling [262a]. A stereoselective three-component reaction between zincated
hydrazones, alkenylboronates, and electrophiles was described [621].

Diethylzinc can promote a B-Zn transmetalation of organoboronates followed by
aLewisacid-catalyzed asymmetric 1,2-addition to aldehydes or ketones [457]. Recently,
it was found that diethanolamine propargyl boronates can be activated by a strong
base and can undergo a-addition to aldehydes (Equation 1.115) [622]. This unique
behavior contrasts with the traditional use of allylic and propargylic boronic esters,
which add at the y-carbon. Although nickel- [535] and iron- [537] catalyzed couplings
arethoughttoinvolveradical intermediates, another uncommon role for boronicacids
is their use as precursors of radicals. Exceptionally, radical cyclizations that are initia-
ted by treatment of 2-arylboronic acids with manganese triacetate were recently
reported [623].
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Under favorable conditions, the hydroxyl group of boronic acids can serve as an
internal nucleophile. For example, epoxy sulfides are opened stereoselectively by
phenylboronic acid to afford diol products (Equation 1.116) [624]. A variant of this
process makes use of a palladium catalyst [625]. Boronic acids have been employed as
internal nucleophiles in a bromo-boronolactonization of olefins (Equation 1.117) [626].
Recently, Au(I) catalysis was applied to similar substrates, giving transient boron
enolates that can be further reacted with aldehydes (Equation 1.118) [627]. Falck and
coworkers developed an ingenious chiral amine-catalyzed, boronic acid-promoted oxy-
Michael reaction (Equation 1.119) [628].

1.6
Overview of Other Applications of Boronic Acid Derivatives

1.6.1
Use as Reaction Promoters and Catalysts

By forming transient esters with alcohols, boronic acids have the capability to act as
catalysts or templates for directed reactions [629]. In the early 1960s, Letsinger
demonstrated that a bifunctional boronic acid, 8-quinolineboronic acid, accelerates
the hydrolysis of certain chloroalkanols (Equation 1.120, Figure 1.49) [630], and that
boronoarylbenzimidazole serves as catalyst for the etherification of chloroetha-
nol [631]. Mechanisms involving covalent hemiester formation between the boronic
acid in the catalyst and the alcohol substrate, combined with a basic or nucleophilic
participation of the nitrogen, were invoked. Yamamoto and coworkers found that a
number of electron-poor arylboronic acids, in particular 3,4,5-trifluorobenzeneboro-
nic acid, catalyze the direct amidation reactions between carboxylic acids and
amines [632]. Hall and coworkers recently identified improved catalysts such as
ortho-iodobenzeneboronic acid, which functions at room temperature to give high
yields of amides from aliphatic amines and acids (Equation 1.121) [633]. Arylboronic
acids can also catalyze aldol reactions [634], various cycloadditions of a,B-unsaturated
caboxylic acids [635], Friedel-Crafts alkylation of benzylic alcohols (Equation
1.122) [636], and transpositions of allylic and propargylic alcohols [637]. Arylboronic
acids can also catalyze the hydrolysis of salycylaldehyde imines [638] and affect the
alkaline conversion of p-glucose into p-fructose [639]. Phenylboronic acid assists in
the cyclodimerization of b-glucosamine into a pyrazine [640] and in the photocycliza-
tion of benzoin into 9,10-phenanthrenequinone [641].

Boronic acids can be employed to promote templating effects. Narasaka et al.
demonstrated that phenylboronic acid can be employed to hold a diene and
dienophile in such a way that the regiocontrol of a Diels—Alder reaction can
even be inverted [642]. This templating strategy was elegantly exploited in the
synthesis of a key intermediate in the total synthesis of taxol by Nicolaou et al.
(Equation 1.123) [643]. By using a similar effect, phenols are ortho-alkylated with
aldehydes through a proposed six-membered transition state where phenylboronic
acid, used stoichiometrically, holds the two reactants in place (Equation 1.124) [644].
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Figure 1.49 Selected examples of applications of boronic acids (esters) as reaction
promoters and catalysts.
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Molander et al. have demonstrated the existence of neighboring group participation
from a chiral boronate in the reduction of ketones (Equation 1.125) [645]. A highly
ordered cyclic transition structure with boron—carbonyl coordination was invoked to
explain the high level of remote stereoinduction. The reduction of imine derivatives
was also performed with high selectivity [646].

Boronic acids and their derivatives are very popular as components of chiral Lewis
acids and promoters for a variety of reaction processes [629]. Indeed, chiral acylox-
yboranes and the oxazaborolidines (Section 1.2.3.6) and their protonated salts made a
mark in organic synthesis [180-182]. A tartramide-derived dioxaborolane is a key
chiral promoter in the asymmetric cyclopropanation of allylic alcohols [647]. More
examples and details on the applications of boronic acid derivatives as reaction
promoters and catalysts are provided in Chapter 12.

1.6.2
Use as Protecting Groups for Diols and Diamines

The use of boronic acids to protect diol units in carbohydrate chemistry has been
demonstrated several decades ago, in particular by the work of Ferrier [648] and
Koster [649]. For example, whereas an excess of ethylboronic acid (as the boroxine)
leads to a bisboronate furanose derivative of p-lyxose, equimolar amounts provided
2,3-O-ethylboranediyl-p-lyxofuranose (Equation 1.126, Figure 1.50) [650]. From the
latter, a regioselective diacetylation reaction followed by treatment with HBr led to
the desired o-p-lyxofuranosyl bromide in very high yield. An alternative method
for the preparation of cyclic alkylboronic esters involves treatment of diols with
lithium trialkylborohydrides [105]. Phenylboronic esters of carbohydrates have also
been exploited in the regioselective sulfation of saccharides [651], and as a way to
regioselectively alkylate diol units of pyranosides [652]. The reaction of phenylboronic
acids with nucleosides and mononucleotides was described long ago [653]. The ortho-
acetamidophenyl boronate group was employed to protect the vicinal 1,2-diol
of adenosine [395]. It was found more resistant to hydrolysis than the corresponding
phenylboronate, which was ascribed by the authors to the beneficial coordination
effect of the ortho-substituent. Phenylboronic acid has also been used as a protecting
group for 1,2- and 1,3-diol units of other natural products such as terpenes [654],
macrolides [655], prostaglandins [656], quinic acid derivatives [657], anthracy-
clines [658], steroids [659], macrocyclic polyamines [660], and polyether antibio-
tics [661]. Typically, phenylboronates are made by a simple condensation with a diol,
which can be eventually deprotected by exchange with another diol or by a destructive
oxidation with hydrogen peroxide. For example, phenylboronic acid was employed to
selectively protect the 1,3-diol unit of a triol (Equation 1.127, Figure 1.50) [661].
Oxidation of the remaining hydroxyl and oxidative deprotection of the phenylbor-
onate led to a concomitant cyclization to give a pyran product. A high-yielding solid-
state method for the protection of diols, polyols, and diamines with PhB(OH),
was described [662]. Phenylboronic acid was also employed as an in situ protective
reagent in osmium tetraoxide-promoted dihydroxylation of alkenes [663]. In this
variant, it serves as a water replacement for cleavage of the osmate intermediate while
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Figure 1.50 Examples of the use of boronic acids for the protection of diol compounds.

providing a nonpolar cyclic boronate derivative that is easier to extract in organic
solvents compared to the free diol. Sharpless and coworkers applied this “boronate
capture” procedure to the dihydroxylation of polyenes (Equation 1.128) and found
several further advantages such as faster reaction times, minimization of over-
oxidation, and a marked effect on the diastereoselectivity of these multiple
dihydroxylations [664].

1.6.3
Use as Supports for Immobilization, Derivatization, Affinity Purification,
Analysis of Diols, Sugars, and Glycosylated Proteins and Cells

The concept of immobilizing or enriching diol compounds with a boronic acid-
conjugated support as a sort of heterogeneous protecting group strategy is the
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antipode of the diol-based supports described in Section 1.4.2. Examples of such
boronic acid matrices include polystyryl boronic acid resins (119) [665-667], the
cellulose-derived support 120 [668], the methacrylic polymer 121 [669], and the
polyacrylamide-supported nitroarylbenzene boronic acid 122 [670] (Figure 1.51).
Recently, nanoparticles [671] and modified silica [672] have received significant
attention. The applications of immobilized boronic acids have been reviewed and
include the purification or analysis of carbohydrates and glycopeptides, diverse
nucleic acid derivatives embedding rigid vicinal cis-diols, and catechols including
L-DOPA, catechol estrogens, and catecholamines from urine [673, 674]. For instance,
one of the most important biomedical uses of immobilized boronic acids is in the
enrichmentand quantification of glycosylated peptides and proteins [675], such as the
level of glycosylated hemoglobin in red blood cells, which is an important indicator for
the clinical analysis of diabetes. Boronic acid-functionalized composite nanoparticles
were used to enrich glycoproteins from human colorectal cancer tissues to identify
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o S o Q
NH NH NH NO,
( )n ( )n (@)
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Figure 1.51 Boronic acid supports for diol compounds.
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N-glycosylation sites [671a] and to analyze diol-containing antibiotics in milk
samples [671D]. In one other application, a water-soluble polyacrylamide copolymer
was tested as a mitogen for lymphocytes [676]. Other supports have also been
considered as components of sensing systems for glucose [677-679] and nucleo-
tides such as AMP [680]. With hydrogels, the extent of carbohydrate binding can be
correlated with swelling (change in volume) [679]. All of the above arylboronic acid
supports demonstrate a selectivity profile similar to their homogeneous counter-
part, and only cis-diols of a favorable coplanar geometry can be immobilized
efficiently. For example, polystyryl boronic acid (119) was put to use in the
fractionation of carbohydrates and in the separation of isomeric diols [665, 681].
In agreement with the stereochemical arguments discussed in previous sections, of
the cis- and trans-1,2-cyclohexenadiol isomeric mixtures, only the former bound to
resin 119, thereby allowing an effective separation of the two isomers (Equation
1.129, Figure 1.51) [681]. The boronic acid-substituted methacrylic polymer 121
was employed to separate ribonucleosides and deoxyribonucleoside mixtures [669].
The selectivity profile of support 120 in the binding of various nucleic acid and
sugar derivatives was studied. Not surprisingly, the heterogeneous boronate
formation process in a chromatography column was found to be more efficient
at a higher pH, with diols of favorable geometry, and also dependent on the ionic
strength and the nature of the cations in the eluent [668]. A Wulff-type
(cf. Section 1.2.2.4.1) amino-boronic acid-functionalized copolymeric monolith,
however, was claimed to bind diol-containing biomolecules as neutral pH [682].
Polyacrylamide support 122 was employed in the purification of transfer ribonu-
cleic acids [670]. Due to the low pK, (about 7) of its electron-poor boronic acid unit,
the immobilization process was performed efficiently at neutral pH, and recovery
of the tRNA from the column occurred at pH 4.5. In hopes of further increasing
affinity and selectivity in carbohydrate binding, the technique of molecular
imprinting polymerization was tested with boronic acid-containing monomers
[66a, 683, 684].

Fréchet also demonstrated the utility of resin 119 in the selective immobilization
and transformation of carbohydrate derivatives [666a, 685]. Inspired by this work,
Boons and coworkers used the same resin as a reusable linker system for the solid-
phase synthesis of oligosaccharides (Equation 1.130, Figure 1.51) [686]. In exciting
recent applications, boronic acid-functionalized surfaces were employed in the
preparation of microarrays of carbohydrates [687], Fc-fused lectins [688], and the
electrochemically addressable immobilization of cells [689].

1.6.4
Use as Receptors and Sensors for Carbohydrates and Other Small Molecules

The ability of boronic acids to form esters reversibly with cis-diols (Section 1.2.3.2.3)
has been a central theme in the intensive area of sensor and receptor development for
oligosaccharides. This very active research area has been reviewed regularly [674,
690], including the previous edition of this monograph. These molecules can be used
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for a variety of applications such as derivatizing agents for the chromatographic
detection of carbohydrates, and in particular in the important social health issue of
blood glucose monitoring for diabetes patients. A two-component system based on
boronic acid-appended viologen dyes is making significant progress toward this
application [691]. Progress has also been made in the development of selective
receptors for complex oligosaccharides [692] and glycoproteins [693]. Some of these
most recent advances in the field of carbohydrate sensing and recognition with
boronic acids are reviewed in Chapter 13.

Mixed receptors containing boronic acids and charged functionalities were
also developed for the recognition of sugar acids [694] and even for heparin [394],
a polysulfated saccharide. Boronic acid sensors can also target catechols like
L-DOPA and dopamine [695], catecholamines in urea [696], polyphenols in green
tea [697], a-hydroxycarboxylic acids [698], and receptors selective for tartrate were
reported [699].

1.6.5
Use as Antimicrobial Agents and Enzyme Inhibitors

Although there has been significant activity in the area of boron therapeutics over the
past decade [700]. Michaelis and Becker first noted the toxicity of phenylboronic acid
against microorganisms and its relative harmlessness against higher animals more
than a century ago [228]. The antimicrobial properties of simple arylboronic acid
derivatives have been further examined in the 1930s [202]. Interestingly, the activity of
arylboronic acids in plants has been investigated thoroughly, and several of them
were found to promote root growth [60, 62]. Several boronic acids and their
benzodiaza- and benzodioxaborole derivatives were evaluated as sterilants of house-
flies [61]. A number of boronic acids and esters display potent antifungal activity [701].
For instance, the diazaborine family, exemplified by the thienodiazaborine 123
(Figure 1.52), has long been known to possess potent activity against a wide range
of Gram-negative bacteria [702] by targeting the NAD(P)H-dependent enoyl acyl
carrier protein reductase [703]. This enzyme is involved in the last reductive step of
fatty acid synthase in bacteria, and the structure of the inhibitory complex with
diazaborines in the presence of the nucleotide cofactor was elucidated by X-ray
crystallography [704]. Interestingly, the bisubstrate complex shows a covalent bond
between boron, in a tetracoordinate geometry, and the 2'-hydroxyl of the nicotin-
amide ribose. In addition to their potential in the fight against microbial resistance in
Mycobacterium tuberculosis and other strains, diazaborine compounds may find
other medicinal applications as estrogen mimics [705]. A prostaglandin mimetic
where a boronyl group replaces the carboxylate, 124, was found to be moderately
active [706]. Other boronic acid compounds have been identified as inhibitors of
[-lactamase [707], histone deacetylase [708], tubulin polymerization [709], and
carboxypeptidase [710], among others. The cyclic hemiboronic ester 4-fluorobenzox-
aborole, 125, was found to inhibit the terminal nucleotide in the editing site of the
tRNA-isoleucyl synthetase complex, 126, by forming a hydrogen-bonded boronate
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Figure 1.52 Examples of biologically active boronic acids. Note: Compound 128 is the dipeptidyl
boronic acid antineoplastic drug bortezomib, a proteasome inhibitor.

(Figure 1.52) [711]. This antifungal compound is currently entering phase 3 clinical
studies for the treatment of onychomysis. Related compounds with this new boron
pharmacophore have been recently reported [712]. A multivalent boroxole-functio-
nalized polymer shows potential as a vaginal microbicide targeting the pg120 HIV
viral envelope, with minimal cytotoxicity to human cells [713].

Boronic acids have long been known to inhibit hydrolytic enzymes such as serine
proteases [700], and the efficiency of a sepharose-based arylboronic acid sorbent in
the chromatographic purification of this class of enzymes has been demonstrat-
ed [714]. In the development of boronic acid-based enzyme inhibitors as pharma-
ceutical drugs, target specificity within a wide family is crucial in order to avoid side
effects. The development of the a-aminoalkylboronic acid analogues of a-amino
acids was key in the recent development of potent peptidylboronic acid analogues
with improved specificity. The usual mechanism of inhibition is believed to be the
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formation of a tetracoordinate boronate complex (127, Figure 1.52) with the side
chain hydroxyl nucleophile of the active serine residue, thus mimicking the tetra-
hedral intermediate for amidolysis [715]. Other modes of inhibition have been
identified, however, involving formation of covalent adducts with the serine or
histine residues of the active site [716, 717]. The validity of this concept was confirmed
with the commercialization of the peptidylboronic acid antineoplastic drug borte-
zomib, Velcade™ (128), for the treatment of relapsed and refractory multiple
myeloma [718, 719]. Bortezomib is the first boronic acid drug on the market. This
discovery and other recent efforts in the medicinal chemistry of boronic acids are
described in Chapter 13.

1.6.6
Use in Neutron Capture Therapy for Cancer

Several boronic acids such as 4-boronophenylalanine (68, Figure 1.17) have been
evaluated as boron carriers for their potential use in a form of therapy for malignant
brain tumors and other locally advanced cancers (head, neck) based on the technology
of soft neutron capture [720]. Although this technology is making steady progress, it
is still in experimental stage, giving promising outcomes in a few reported cases [721].
The selective delivery of sufficient concentrations of boron to the tumor site is a major
issue for success [722].

1.6.7
Use in Transmembrane Transport

As first demonstrated with monosaccharides by Shinbo et al., the ability of boronic
acids to complex diols can be exploited in the study of molecular transport across
lipophilic membranes [723]. Compounds that possess such carrier properties have
potential applications in drug delivery. For example, Mohler and Czarnik demon-
strated the ability of a cholanyl 3-pyridiniumboronic acid derivative (129, Figure 1.53)
to transport ribonucleosides across a dichloroethane liquid membrane [724]. Other
examples of boronic acid-based systems include a three-component amino acid
transport system [725], the cathecholamine transporter 130 [726], and various carriers
for monosaccharides such as fructose [59]. In fact, one of the most important
potential applications of boronic acid carriers is in the area of development of
selective fructose-permeable liquid membranes [727]. p-Fructose is the sweetest and
most valuable of all common natural sweeteners. Its current production as a “high-
fructose corn syrup,” enriched from crudes containing other sugars, is an energy-
intensive industrial process involving the evaporation of large quantities of water. The
use of membrane-based technology could be highly advantageous due to its potential
amenability to a continuous automated process. Detailed reviews on the use of
boronic acids in membrane transport last appeared in 2004 [728]. Recent advances
include the use of lipophilic Wulff-type 2-(aminomethyl) phenylboronic acid [729]
and the use of boronic acid 131 (Figure 1.53) for target-selective, controllable vesicle
membrane fusion as demonstrated with inositol triggering [730].
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Figure 1.53 Examples of boronic acid-based transporters.

1.6.8
Use in Bioconjugation and Labeling of Proteins and Cell Surface

Proteins and enzymes can be linked covalently to 3-aminophenyl boronic acid,
and the resulting conjugates were shown to bind to small cis-diol molecules and
glycated hemoglobin [731]. Studies both in solution and using gel chromatography
confirmed the low affinity of the boronate interaction. To address this problem, a
conjugation method was developed based on the relatively stronger salicylhydroxa-
mic acid-boronate interaction [177, 732]. As demonstrated on a diboronic acid-alka-
line phosphatase conjugate 132 (Figure 1.54), higher affinity over a wider range of pH
can be achieved by taking advantage of polyvalent interactions with the complexing
sepharose support. An elegant and more contemporary approach to the fluorescent
labeling of proteins was disclosed whereby an optimal tetraserine (tetraol) peptide
sequence expressed on a protein terminal recognizes a diboronic acid dye with
submicromolar affinity (Chapter 13) [733]. An alternative approach to covalent labeling
employs an iodoaryl-modified mutant protein that can undergo Suzuki-Miyaura
cross-coupling with a boronic acid “label” under physiological conditions [734].
Abenzophenone boronic acid, 133 (Figure 1.54), was employed for probing altered
specificity of chemically modified mutant subtilisin enzymes by photoaffinity
labeling [735]. As discussed in Section 1.6.3, boronic acid supports can be employed
to purify glycohemoglobin. A related soluble and colored arylboronic acid was
reported for the quantification of these proteins [736]. More than three decades ago,
a dansyl-labeled arylboronic acid (134) was reported to bind to the cell wall of the
bacteria Bacillus subtilis presumably via boronate ester formation with the sugar
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Figure 1.54 Boronic acid compounds used in protein labeling and conjugation, and as probes in
chemical biology.

O 136

coating [737]. In the same study, a diboronic acid was found to agglutinate erythro-
cytes. Smith and coworkers designed liposomes containing a phospholipid bearing
an arylboronic acid (e.g., 135), and demonstrated the binding of these liposomes to
erythrocytes presumably through interaction with the glycocalyx [738]. A specific
diboronic acid sensor was shown to bind to tumor cells overexpressing the fucosy-
lated sialyl Lewis X trisaccharide (Chapter 13) [739].

1.6.9
Use in Chemical Biology

There has been increasing interest in the use of boronic acids as probes to study cell
biology and as components of synthetic proteins. For example, Chang and coworkers
developed several fluorescent polyarylboronic acid dyes of various emission colors
as in vivo indicators of reactive oxygen species such as hydrogen peroxide [740, 741].
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For example, peroxyoorange 1 (136) turns to its quinone-phenolic form 137 upon
exposure to peroxide, as demonstrated in macrophages (Equation 1.131,
Figure 1.54) [741]. Catalytic antibodies with amide hydrolase activity were generated
using a boronic acid hapten based on the concept of protease inhibition described in
Section 1.6.5 [742]. More recently, unnatural amino acid mutagenesis was utilized to
site-selectively insert 4-boronophenylalanine as a “genetically encoded chemical
warhead,” and the resulting proteins were shown to bind to an acyclic aglycon [743].
Hoeg-Jensen et al. designed a new concept for peptide or protein protraction by
soluble reversible self-assembly based on boronic acid—diol interactions. This
concept was demonstrated with hexameric insulin, which could be disassembled
and released by addition of sorbitol or glucose [744]. More details on the applications
of boronic acids in chemical biology can be found in Chapter 13.

1.6.10
Use in Materials Science and Self-Assembly

One of the major new directions in the application of boronic acids is their use as
building blocks in the design and preparation of new materials [745] and in self-
assembly [746] (e.g., Figure 1.14). For example, the formation of rigid oligomeric
boronic anhydrides led to the preparation of a new class of covalent organic frame-
works such as the crystalline porous solid COF-1 (138, Figure 1.55) [100]. COF-1
demonstrates high surface area and is thermally stable up to 500°C. Many other
bonding modes of boronic acids can be exploited in the design of new materials, such
as hydrogen bonding dimerization (as in Figure 1.3b), boronic ester formation, Lewis
base coordination, and even mixed bonding modes involving reversible covalent
interactions with appended aldehydes, amines, and amino and other functionalities.
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Figure 1.55 Examples of functional materials based on boronic acid components.
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For example, mixed boronic siloxanes of type 139 were developed as conjugated
polymer sensors [747]. Existing polyol materials such as lignin may be modified with
boronic acids [748]. More applications of boronic acids in materials science are

described in detail in Chapter 14.
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